ISSN 0016-7029, Geochemistry International, 2023, Vol. 61, No. 7, pp. 735—743. © Pleiades Publishing, Ltd., 2023.
Russian Text © The Author(s), 2023, published in Geokhimiya, 2023, Vol. 68, No. 7, pp. 720—729.

Sodalite: Spectroscopic and Thermochemical Investigations

Yu. D. Gritsenko*? *, E. N. Eremina® <, M. F. Vigasina“, S. V. Vyatkin®, L. P. Ogorodova® **,
V. V. Maltsev“, and L. V. Melchakova“
4 Geological Faculty, Lomonosov Moscow State University, Moscow, 119991 Russia
b Fersman Mineralogical Museum, Russian Academy of Sciences, Moscow, 119692 Russia

¢ Kola Science Centre, Laboratory of Arctic Mineralogy and Materials Science, Russian Academy of Sciences, Apatity,

Murmansk region, 184209 Russia
*e-mail: ygritsenko@rambler.ru
**e-mail:logor4 8@mail.ru
Received October 20, 2022; revised November 8, 2022; accepted November 22, 2022

Abstract—Two sodalite samples (sample I is NagAlgSigO,4Cl,-0.4H,0 from the Kovdor alkaline ultramafic
massif with carbonatites in the Murmansk region, Russia, and sample II is NagAlsSicO,4Cl,-0.2H,0 from the
Bayan Kol nepheline syenite and miaskite massif in the Republic of Tyva) were studied by thermal and elec-
tron-microprobe analyses, powder X-ray diffraction, photoluminescence, and by IR, Raman, and ESR spec-
troscopy. Solution melt calorimetry was applied to determine the enthalpy of formation from elements for water-
bearing sodalite samples: —13536 * 10 (I) and —13503 % 19 (IT) kJ/mol. The enthalpy of formation of sodalite
of the theoretical composition NagAl;Sig0,,Cl, was evaluated at AgH°(298.15 K) = —13446 + 11 kJ/mol. The
data obtained on the enthalpy of formation of sodalite and literature data on its 5°(298.15 K) were used to cal-
culate the standard Gibbs energies of formation of anhydrous and of water-bearing sodalite.

Keywords: X-ray powder diffraction, electron-microprobe analysis, photoluminescence, IR spectroscopy,
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INTRODUCTION

Sodalite Nag[AlgSigO4]Cl, is a tectosilicate
(framework silicate) whose structure consists of alu-
minosilicate cage network with fully ordered arrange-
ment of Si, Al, and O atoms. The large interframework
structure voids, so-called sodalite lanterns, are occu-
pied by atoms, molecules, and ions connected with the
framework by van der Waals or ionic bonds. Thanks to
this structure, and similar to zeolites, sodalite is capa-
ble of ion-exchange reactions, which makes it valuable
immobilizer filter used for deactivating radioactive
wastes (Vance et al., 2014), including the I iodine
isotope (Lin et al., 2022). As intraframework ions,
sodalite can accommodate, by means of isomorphic
exchange, potassium and calcium cations, hydroxyl,
and sulfide and sulfate ions and thus form such
sodalite-group minerals as hydrosodalite, hauyne,
nosean, lazurite, and some others. The mineral
belongs to the cubic crystallographic system, space
group P43n.

Sodalite is a mineral that has been comprehensively
studied by various physicochemical methods, such as
X-ray powder diffraction and single-crystal X-ray dif-
fraction (Peterson, 1983; Vance et al., 2014; Gunther
et al., 2015), IR absorption spectroscopy (Taylor et al.,
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1971; Zilio and Bognato, 1984; Barnes et al., 1999;
Giinther et al., 2015; Skvarlova et al., 2019; Chukanov
et al., 2020, 2022a, 2022b), Raman spectroscopy
(Vance et al., 2014; Dumanska-Slowik et al., 2015,
Giinther et al., 2015; Skvarlova et al., 2019, Chukanov
et al.,, 2020, 2022a, 2022b), ESR spectroscopy
(McLaughlan and Marshall, 1970); Hodgson et al.,
1967; Hassib et al., 1977; Annersten and Hassib, 1979;
Pizani et al., 1985; Cano et al., 2010; Radomskaya
etal., 2020), luminescence spectroscopy (Denisov
et al., 1977; Tarashchan, 1978; Annersten and Hassib,
1979; Rogozhin et al., 1982; Cano et al., 2010, 2011;
Dumanska-Slowik et al., 2015; Norrbo et al., 2015).
Data on the thermal stability of the mineral are pre-
sented in (Antao and Hassan, 2002).

Sodalite is found mostly in magmatic rocks with
medium and low silica concentrations, such as nephe-
line syenites, phonolites, and related rocks. The min-
eral is also formed by metasomatic processes in con-
tact zones between limestones and/or marbles with
nepheline syenite intrusions. Sodalite of magmatic
origin (so-called primary sodalite) has been proved in
experiments on NaCl dissolution in aluminosilicate
melts (Kogarko, 1977) to be formed by the crystalliza-
tion of Cl-rich magma. This element enriches the
magma in the course of its crystallization and eventu-



736

ally induces its liquid immiscibility and the segrega-
tion of Cl-bearing portions from the residual alumino-
silicate liquid, from which sodalite can then crystallize.
Postmagmatic sodalite (so-called secondary sodalite)
replaces nepheline, feldspar, and sometimes also aegir-
ine. Sodalite-bearing mineral assemblages are formed
within the temperature range of 500—900°C under a
pressure of 3 kbar (Kotel’nikov et al., 1996).

The occurrence of sodalite in rocks is an important
petrological indicator: the mineral contains much
more Na than Al, and hence, the crystallization of this
mineral is (along with the accommodation of alkalis in
pyroxenes and amphiboles) is one of the principal
indications of the origin of peralkaline mineralization
(Borutskii, 1988).

When peralkaline rocks are studied, an important
role is played by thermodynamic modeling of mineral-
forming processes, which requires fundamental ther-
modynamic constants of sodalite and minerals in
equilibrium with it (their enthalpy, Gibbs energy of
formation, entropy, and heat capacity). One of the
crucially important tasks of comprehensive physico-
chemical studies of sodalite is to evaluate these con-
stants. We are aware of only a single paper published so
far on the calorimetric determination of the low-tem-
perature heat capacity and enthalpy of formation of
sodalite of the composition Nag[AlsSigO,4]Cl, (Kom-
ada et al., 1995). Sharp et al. (1989) have estimated
sodalite stability in the system NaAlSiO,—NaCl and

evaluated its Gibbs energy A;G°(298.15 K).

EXPERIMENTAL
Samples

This study was carried out with two sodalite sam-
ples from two massifs of different genetic type: sam-
ple I (no. 97731 in the collection of Fersman Miner-
alogical Museum (MMF), Russian Academy of Sci-
ences, in Moscow) originated from the Kovdor
ultramafic massif with carbonatites in the Murmansk
region, Kola Peninsula, Russia; and sample II (MMF
no. 97702) was taken from the Bayan Kol syenite and
miaskite massif in the Republic of Tyva, southern cen-
tral Siberia, Russia.

The Kovdor massif in the southwestern part of the
Kola Peninsula is a complex multiphase ring intru-
sion, whose core consists of olivinite, and the periph-
eral zones are made up of alkaline rocks (ijolites and
turiyaites). The youngest intrusive rocks of this massif
are nepheline syenites, whose thin veins cut across the
mafic rocks of the Kovdor massif: olivinites, ijolites,
alkaline pyroxenites, etc. The nepheline syenites are
massive coarse-grained gray rocks consisting mostly of
feldspar, aegirine—diopside, and nepheline (the latter
is usually variably replaced by cancrinite, zeolites, and
other minerals). The principal accessory minerals are
eudialyte, pectolite, sodalite, and vishnevite (Ivanyuk
and Yakovenchuk, 1997).
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The Bayan Kol nepheline syenite massif is located
in the central part of the Sangilen Highland, 400 km
south of the city of Kyzyl, the capital of the Republic
of Tyva. The massif consists of feldspathic urtites (70—
85% nepheline and 10—15% potassic feldspar), juvites,
and nepheline syenites. These are leucocratic pale gray
to greenish gray coarse-grained (up to giant-grained)
massive rocks with clearly discernible nepheline crys-
tals. Sodalite is found in this massif mostly in veins of
nepheline syenite pegmatites (Andreeva et al., 1984).

Sample I was taken from a calcite—sodalite veinlet
up to 0.5 cm thick hosted in a fine-grained phlogo-
pite—pyroxene—nepheline rock at Zheleznyi Mine of
the Kovdor deposit. The sodalite forms aggregates of
colorless crystals up to 3 mm, which luminesce in pink
in UV. The mineral shows photochromism, i.e.,
becomes pink when UV irradiated, with the color dis-
appearing in daylight. Sample II is made up of a
medium-grained aggregate of blue sodalite, which
does not show visually detectable luminescence or
photochromism, and occurs in association with potas-
sic feldspar, albite, and phlogopite.

Methods

The chemical composition of the samples was ana-
lyzed on a JSM-6480LV (Jeol Ltd., Japan) scanning
electron microscope with a tungsten cathode,
equipped with an X-Max-50 (Oxford Instruments
Ltd., Great Britain) energy-dispersive spectrometer at
an accelerating voltage of 20 kV and beam current of
10.05 = 0.05 nA. The raw spectra were processed with
the INCA (Oxford Instruments, v. 22) software.

The thermogravimetric analysis was carried out to
determine water, on a NETZSCH STA 449F5 (Ger-
many) system for thermal analysis within the tempera-
ture range from room temperature to 973 K, at a heat-
ing rate of 10 K/min in an argon atmosphere. The
masses of samples I and II were 45 and 54 g, respec-
tively. The instrument was calibrated on proprietary
standards provided by the manufacturer.

The X-ray diffraction study was conducted on an
ADP-2 (Russia) X-ray powder diffractometer, using
Co radiation and a Fe filter. The operation parameters
were as follows: 35 kV, 25 Ma, and 0.02° angle incre-
ments.

The Raman spectroscopic study was carried out on
an EnSpectr R532 (Russia) Raman microscope within
the range of 100—4000 cm~' and a spectral resolution
of approximately 6 cm~'. The wavelength of the excit-
ing laser radiation was 532 nm, and the output power
was 9 mW. The holographic dispersion grating had
1800 grooves/mm, and the focal spot at 40x magnifi-
cation was 10 um in diameter. The spectra were
obtained from randomly oriented samples, by averag-
ing over 100 exposures. The standard for the calibra-
tion of the instrument was a silicon platelet (scattering
line at 521 cm™}).
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The IR spectroscopic study was conducted on a
FSM-1201 (Russia) Fourier spectrometer in transmis-
sion mode, in air, at room temperature, within the
range of wavenumbers of 400 to 4000 cm~!, with the
signal averaged over 15 scans at a resolution of 4 cm™!,
The samples were prepared in the form of suspension
of 4—5 mg of the mineral powder in paraffinic oil. The
suspension was applied to a KBr platelet, which had
been used as the reference sample before the mineral
suspension was applied to it.

The photoluminescence study of the sodalite was
conducted on a LOT-Oriel MS—257 (United States)
spectrograph at room temperature. The excitation
source of the UV radiation was a Xe lamp (150 W), the
radiation was within the range of 200—900 nm.

The ESR study was done on a Varian E-115
(United States—Switzerland) ESR spectrometer at the
X band (~9.4 GHz) at a modulation amplitude of
0.1 mTesla at a modulation frequency of 100 kHz and
microwave radiation power of 0.2 mW, using single-
crystal samples in the orientation H||L,.

The thermochemical study of the sodalite was car-
ried out using a SETARAM Tian—Calvet (France)
high-temperature conducting microcalorimeter, by
dissolving in melt of the composition 2PbO-B,0;,
which had been obtained by fusing stoichiometric
amounts of lead oxide and boracic acid at 1073 K. The
melt-solution experiments were done in air by dropping
crystals 2—8 (£2 x 1073) mg in mass from room tem-
perature into melt in a calorimeter at 7= 973 K. The
measured heat change consisted of the change in the
enthalpy of the sample [(H°(973 K) — H°(298.15 K)]
and its dissolution enthalpy A,,H°(973 K). At six to
eight experiments with the same melt portion (30—35 g),
the mass ratio of the dissolved matter to the solvent
could be regarded as infinitely diluted solution of neg-
ligibly small mixing enthalpy. The instrument was cal-
ibrated by measuring the change in the enthalpy of a
standard reference material (platinum) at the parame-
ters of the dissolution experiments. The required data
on [(H°(973 K) — H°(298.15 K)] of Pt were compiled
from (Robie and Hemingway, 1995).

The ADP-2 scanning X-ray powder diffractometer,
JSM-6480LV scanning electron microscope, FSM-
1201 IR Furrier spectrometer, EnSpectr R532 Raman
microscope, NETZSCH STA 449F5 thermal system,
Varian E-115 ESR spectrometer, and Setaram Tian—
Calvet microcalorimeter used in this study are installed
at the Geological faculty of Lomonosov Moscow State
University; and the LOT-Oriel MS—257 spectrograph
is installed at the Chemical Faculty of the same Uni-
versity.

RESULTS

The chemical composition of the sodalite is pre-
sented in Table 1 based on microprobe (EPMA) data.
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Table 1. Chemical composition (Wt %) of the sodalite samples

Component | Sample I* | Sample II® | Sample ITI°
Na,O 24.97 24.99 25.70
K,0 n.d. 0.01 0.04
CaO n.d. n.d. n.d.
FeO n.d. n.d. 0.01
ALO, 31.52 31.46 31.20
SiO, 36.60 36.59 35.98
Seor nd. nd. 0.37
Cl 7.40 7.32 7.30
HzOd 0.73 0.40 n.a.
Total 101.22 100.76 100.60

a Average of four measurements.
b Average of five measurements.

¢ Average of three determinations, the sample was used to com-
pare the ESR spectroscopic results.

B According to thermogravimetric data.

The water content was determined from data of ther-
mogravimetric analysis. Both the TG and the DTG
curves indicate a mass loss of the sample within the
temperature range of ~100—700°C, which means the
absence of adsorption water and the presence of water
in the structural voids (so-called sodalite lanterns).
The sodalite formulas normalized to 50 changes are
Na; g5[Alg ¢75i5.970,4] Cl; 4-0.40H,0 (for sample I) and
Nay g,[Alg 6Si5.05024]1Cl5 ,°0.22H,0 (for sample II).
Both are similar to each other and to the theoretical
formula of sodalite NagAlgSizO,4Cl,.

The X-ray diffraction spectra of the sodalite sam-
ples correspond to the sodalite spectra in the databases
ICDD (The International Centre for Diffraction
Data, 2013; card no. 01-075-0709), RRUFF (Data-
base of Raman Spectroscopy, X-Ray Diffraction and
Chemistry of Minerals; card no. R060436), and
MINCRYST (Crystallographic and Crystal-Chemi-
cal Database for Minerals and Their Structural Ana-
logues, card no. 4415). The calculated unit-cell
parameters of the cubic unit cell are @ = 8.86909 A
(sample I) and 8.86692 A (sample II) and are close to
the value a = 8.8690 A for the sample in the electronic
database MINCRYST (Crystallographic and Crystal-
lochemical Database for Minerals and Their Struc-
tural Analogues, card no. 4415).

The Raman spectra obtained in the course of this
study (Fig. 1) are consistent with those of sodalite
samples from Canada and Afghanistan in the database
RRUFF (Database of Raman spectroscopy, X-ray
Diffraction and Chemistry of Minerals, card nos.
R040141, R060354/355, R060416, and R060435/436).
The spectral lines were identified according to (Hett-
mann et al., 2012): the line with a maximum at
1062/1065 cm™! (here and below, the values in the
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Fig. 1. Raman spectra of the sodalite samples.

numerator and denominator refer to samples I and II,
respectively) reportedly corresponds to the antisym-
metric valence oscillations of (Al,Si)O, the tetrahe-
drons, and the more intense line with a maximum at
986,/987 cm~! corresponds to the symmetric valence
oscillations of these tetrahedrons. The low-intensity
line with a maximum at 616/619 cm™! is assigned to
the valence oscillations of the (Al,Si)O, tetrahedrons
and Al—O and Si—O bonds; the most intense line in
the spectrum at 465/464 cm™! is caused by the valence
oscillations of CINa, tetrahedrons; the low-intensity
line with a maximum at 413/410 cm™~' and the line at
approximately 295/296 cm™! reportedly correspond to
the deformation oscillations of (Al,Si)O, tetrahedrons;
the nearby line with a maximum at 264,/266 cm™! cor-
responds to the deformation oscillations of these tetra-
hedrons and valence oscillations of Na—O bonds; the
very low-intensity line with a frequency of about

GEOCHEMISTRY INTERNATIONAL

244/240 cm™! is thought to be caused by the deforma-
tion oscillations of CINa, tetrahedrons; and the

medium-intensity line at 168/166 cm~! corresponds to
lattice modes.

The IR absorption spectra of the samples (Fig. 2)
are compatible with the spectra of sodalite from north-
ern Karelia, Russia, published in (Chukanov, 2014;
sample Sif21); the wavenumbers of the absorption
bands in the spectra of these samples coincide within
2—3 cm~!. The wide intense bands with absorption
maxima at 980/978 cm~! and a shoulder at 1026 cm™!
may be attributed to the antisymmetric valence oscilla-
tions of Si—O and Al—O bonds in the aluminosilicate
framework. The spectral region of 600 to 750 cm™!
includes complex bonds, which consist of three compo-
nents with the deformation oscillations of the O—Al—-O
and O—Si—O angles; the absorption bands consisting
of two components with maxima at 467/467 and

Vol. 61 No.7 2023
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436/435 cm~' correspond to so-called lattice oscilla-
tion modes. In the high-frequency spectral region,
very low-intensity absorption bands were registered
that correspond to the valence oscillations of OH
groups.

The fact that the spectrum of sample II involves an
additional low-intensity absorption band with a maxi-
mum at 580 cm~!, which is absent from the spectrum
of sample I, indicates (Prokof’ev and Gordina, 2014)
that the structure of sample II includes zeolite frag-
ments: D4R double-four-rings (Fig. 3), and the band
corresponds to the valence oscillations of these rings.
It has been demonstrated in the aforementioned pub-
lications that double-four-rings characteristic of zeo-
lite structures are formed at lower alkalinity of the
crystallization medium (NaOH concentration of 2—
4 mol/L), and only S4R single-four-rings can be
formed at higher alkalinity (=8 mol/L) (Fig. 3), which
are typical of the sodalite structure. Based on these
results in the aforementioned paper, it is reasonable to
hypothesize that the sodalite from Tyva (sample II)
crystallized at lower alkalinity than that of the sodalite
from Kovdor (sample I).

Photoluminescence spectroscopy. Figure 4 show the
luminescence spectrum of the sodalite (sample I) with
a radiation maximum at 680—690 nm, which indicates

that the sample contains S, radicals, which are
responsible for the luminescence in the orange—red
spectral region at UV excitation (Tarashchan et al.,
1970; Tarashchan, 1978). The absence of sulfur from
this sample is explained by its concentration below the
EPMA detection limit. Sample II did not exhibit
luminescence at UV excitation.

ESR study. The spectra of samples I and II (Fig. 5)
in the orientation H||L, involved registered anisotropic
signals with the factors g=2.049 and 2.004, which dif-
fered from each other only by the ratios of the intensi-
ties and did not correlate with the colors of the sam-
ples. If the geometry of the experiments was changed
(H not parallel to L,), the intensities of both lines sig-
nificantly decreased. A signal with an effective g =
2.049 was transformed into a triplet (in the general
position) upon the change in the orientation, whereas
the signal with g = 2.004 remained singlet. Inasmuch
as the lines occur in the spectra of the single-crystal
specimens regardless of their color, and with regard to
the fact that the signals are anisotropic, it is reasonable
to suggest that they correspond to signals obtained
from the powdered samples in (Hodgson et al., 1967).
The signal with a factor g = 2.016 was attributed by

these authors to the paramagnetic center S,, and the
signal with g = 2.006 was provisionally ascribed to the
defect on oxygen.

In addition, the spectrum of sample II (blue
sodalite) involved an intense anisotropic signal (Fig. 5)
with g = 2.012, which is close to the values obtained
in (Annersten and Hassib, 1979; Pizani et al., 1985):
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Fig. 2. IR absorption spectra of the sodalite samples
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Fig. 3. D4R double-four-ring typical of the zeolite struc-
ture and a S4R single-four-ring characteristic of the
sodalite structure (Prokof’ev and Gordina, 2014).
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Fig. 4. Photoluminescence spectrum of the sodalite (sam-
ple I).

g = 2.0112 and g = 2.011, respectively. Annersten and
Hassib (1979) believed that this signal of the ESR
spectrum and the line at 580 nm, which they registered
in the visible region of the absorption spectrum and
which is responsible for the blue color of the mineral,
are related to the presence of colloid particles of metal-
lic Na. However, this explanation was questioned in
(Pizani et al., 1985), in which this ESR signal was
explained as related to interstitial oxygen.

Hodgson et al. (1967) detected a correlation
between the intensity of the pink color of sodalite and
the intensities of the thirteen equally spaced ESR lines
(g = 2.002, 30.6 G apart centered), which result from
the interaction of an electron entrapped at a ClI
vacancy with four Na nuclei surrounding this vacancy.
The theoretical ratios of the intensities of lines for such
acenteris1:4:10:20:31:40:44:40:31:20:10:
4 : 1. These authors observed such multiline spectra
obtained from all sodalite samples with photochrom-
ism. However, no such a signal was identified in our

ESR spectrum from sample I (which displayed photo-
chromism). In view of this, we have studied a sodalite
sample from the Malaya Bystraya deposit in the Sly-
udyanka district, Irkutsk region, southern central
Siberia (sample IIT), which also showed orange—red
luminescence but was richer in sulfur (see Table 1 for
the chemical analysis) and showed a much stronger
photochromic effect.

Sample III was studied with regard to the results in
(Hodgson et al., 1967), in which the authors applied
UV irradiation immediately in the resonance chamber
of the ESR spectrometer. In our experiment, UV irra-
diation (254 nm) was carried out for 0.5 h before the
ESR measurements. This allowed us to record only the
central, the most intense part of the multiline signal
(Fig. 5). Our parameters of the signal (g =2.002, 30.5 G
apart centered) well correlate with the results of the
aforementioned publication, whose authors believed
that the photochromic effect is caused by the occur-

rence of si‘ ions in the sodalite structure, which are
thought to be the source of the electrons temporarily
captured by the Cl ion vacancies under the effect of
UV radiation, at the origin of the Fcenters. Hence, the

occurrence of sulfur in sample 111 in the form of S, has
been confirmed by typical luminescence and is consis-
tent with the scenario proposed in (Hodgson et al.,
1967) for the origin of paramagnetic centers responsi-
ble for the photochromic effect of sodalite. Our results
suggest that the photochromic effect of sample I may
have been formed by an analogous mechanism.

Enthalpy of formation from elements. The thermo-
dynamic constants were calculated for simplified for-
mulas of our samples and for the theoretical formula
of sodalite. The following values were obtained:
[H°(973 K) — H°(298.15 K) + Aol H*(973 K)]: 1267 £
6J/g=1237 £ 6 kJ/mol (M = 976.43 g/mol) for sam-

=2.049 =2.004
& & Sample |
= Sample 11
E v
2
A=
Sample 111
8= 2.002 1 1 1 1 1 1
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H, Gs

Fig. 5. ESR spectra of the sodalite samples recorded in orientation H| L.
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Table 2. Thermochemical data used to calculate the enthalpy of formation (kJ/mol) of sodalite

Component H(973 K) — H(298.15 K) + Agiceot H(973 K) — AH"(298.15 K)?
Na,O(cr) —111.8 £ 0.8 414.8 £ 0.3
Al,O3(corundum) 107.38 + 0.59¢ 1675.7 £ 1.3
SiO,(quartz) 39.43 + 0.219 910.7 = 1.0
NaCl(halite) 65.19 + 1.42¢ 411.3 £ 0.1
Al(OH);(gibbsite) 172.6 + 1.9¢ 1293.1 + 1.2

2 Published tabulated data (Robie and Hemingway, 1995).
b According to data in (Kiseleva et al., 2001).

¢~¢ Calculated using published tabulated data on [H0 973 K) — H (298.15)] (Robie and Hemingway, 1995) and experimental data on

dissolution A il
fAccording to data in (Ogorodova et al., 2011).

ple T of the composition NagAlSisO,,Cl,:0.4H,0
(average of the results of eight measurements) and
1294 + 17 J /g = 1259 % 17 kJ /mol (M = 972.82 g/mol) for
sample II of the composition NazAlSi;O,,Cl,:0.2H,0
(average of the results of nine measurements); the
errors were calculated at 95% probability.

The calorimetric data obtained for the sodalite
samples and the thermochemical cycle, which
involved the dissolution of the mineral and its compo-
nents, were used to calculate the enthalpy of formation
of sodalite with various amounts of zeolite-type water.

For sample |

2NaCl+3Na,0+0.8/3Al (OH)3

+ (6-0.8/3)/2A1,0; + 6Si0, (1)
= NagA16Si6024C12'0.4H20,
A H" (298.15 K) = 2AHNaCl +3AHNa,0
+0.8/3AHAL(OH), +(6-0.8/3)/2AHALO;  (2)
+ 6AHSIO, — AHNagAl1Si0,,Cl,-0.4H,0,
A;H’ (298.15 K) NagAlSi 0,,Cl,-0.4H,0
= A,yH"(298.15 K) + 2A.H' (298.15 K)NaCl
+ 3A.H" (298.15 K)Na,O 3)
+0.8/3A:H"(298.15 K) Al (OH),
+(6-0.8/3)/2A:H" (298.15 K) AL,O,
+ 6A,H"(298.15K)Si0,,
and for sample I1
2NaCl + 3Na,0 + 0.4/3A1 (OH),
+ (6-0.4/3)/2A1,0, + 6Si0, 4)
A yH"(298.15K) = 2AHNaCl + 3AHNa,0
+ 0.4/3AHAI(OH); +(6-0.4/3)/2AHALLO;  (5)
+ 6AHSiO,—AHNa,AlSi,0,,Cl,-0.2H,0,
GEOCHEMISTRY INTERNATIONAL Vol.61 No.7

(973 K): € (Ogorodova et al., 2003), d (Kiseleva et al., 1979), ¢ (Kiseleva et al., 1990).

AH’(298.15K)NagAlSi0,,Cl,-0.2H,0
= AyH'(298.15K) + 2A;H"(298.15K)NaCl
+ 3A:H’(298.15K)Na,O
+0.4/3A.H°(298.15K)AI(OH),
+ (6-0.4/3)/2A.H(298.15K) AL, 0,
+ 6A;H"(298.15K)Si0,,

where AH = [H°(973 K)—H°(298.15 K) + A4, 7°(973 K)]
is thermochemical data for the sodalite samples and
for Na, Al, and Si oxides, Na chloride, and Al hydrox-
ide (Table 2) the needed values to calculate the values
of A¢H°(298.15 K) for the components of this reaction
are presented in (Table 2). The calculated enthalpy
values of the formation of the sodalite samples are
listed in Table 3.

Our experimental data on the dissolution of the
sodalite samples were used to calculate the enthalpy of
formation of sodalite of the theoretical composition
NagAl;Sig0,4Cl,. To do this, we recalculated the data
of the calorimetric experiments onto its molecular
weight (M = 969.22 g/mol) and used in calculations by
reaction (7) and equations (8) and (9)

2NaCl + 3Na,O + 3A1,0; + 6SiO,
= Na,AlSi 0,,Cl,,
Ay H"(298.15K) = 2AHNaCl + 3AHNa,0
+ 3AHALO; + 6AHSiO, — AHNa,AlSi 0,,Cl,,
ArH" (298.15 K) NagAlSiz0,,Cl,
= Ay H" (298.15 K)
+ 2A;H" (298.15 K)NaCl
+ 3A:H"(298.15 K)Na,O
+ 3A;H" (298.15 K) ALO, + 6A.H" (298.15 K)SiO,.

The required thermochemical data for the com-
pounds involved in reaction (7) were compiled from
Table 2. The calculated values of the enthalpy of for-
mation of sodalite of theoretical composition from

(6)

(7)

®)

)
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Table 3. Thermodynamic properties of sodalite obtained in this study

Sodalite composition —A:H(298.15 K)3?, 59(298.15 K)°®, —AsS°(298.15 K)°, | —AG°(298.15 K)4,

and its molecular weight, g/mol kJ/mol J/(mol K) L/(mol K) kJ/mol
NagAlgSic0,4Cl,-0.4H,0 13536 + 10 864t 4 2515+ 4 12786 = 10
M=976.43

NagAlgSig0,4Cl,-0.2H,0 13503 = 19 856+ 4 2523+ 4 12751 £ 19
M=972.82

NagAlgSic0,4Cl, 13446 + 11 848 £ 4 2531t 4 12691 £ 11

M =969.22

4 Data of melt solution calorimetry.
b Data in (Komada et al., 1995).

¢ Calculated using data on 50(298.15 K) for elements composing sodalite (Robie and Hemingway, 1995).

d Calculated by the formula AfGO = AfHO — T A,SO .

elements (—13 433 £+ 10 and —13 459 = 19 kJ/mol, cal-
culated using calorimetric data on sodalite samples |
and II, respectively), are consistent, within the errors,
with one another and with data in (Komada et al., 1995).
In this publication, the value of A H°(298.15 K) =
—13457.0 = 15.8 kJ/mol was also obtained by high-
temperature melt solution calorimetry for a sodalite
sample from Mount St. Hilaire, Quebec, Canada,
based on a thermochemical cycle involving compounds
different from those we used for the calculations. The
consistency of the data confirms their reliability and ver-
ifies them. The average of our values of AH%(298.15 K)
is presented in Table 3.

Gibbs energy of formation from elements. The value
of A{G°(298.15 K) of sodalite of theoretical composi-
tion (Table 3) was calculated using the enthalpy value
obtained above and literature data on the standard
entropy determined in (Komada et al., 1995) based
on the low-temperature heat capacity of a natural
sample measured within the temperature range of
15—350 K. The calculated Gibbs energy value of
sodalite (—12 691 *+ 11 kJ/mol) is consistent with the
estimates (presented without specified errors) in (Sharp
et al., 1989): A;G°(298.15 K) = —12 697 kJ/mol. The
Gibbs free energy of formation from elements of natural
water-bearing sodalite samples (Table 3) were calcu-
lated with the use of the values of $°(298.15 K) based on
datain (Komada et al., 1995), with regard to the entropy
contributions corresponding to the water concentra-
tions in the samples according to (Naumov et al., 1971).

CONCLUSIONS

The photochromism effect of sodalite seems to be
indicative of that the mineral contains F centers, and
hence, sulfur in the form of the S; radical. The photo-
chromic effect is visually discernible even at extremely
low concentrations of sulfur and F centers in the sam-
ple, which cannot be identified even by using high-
precision laboratory techniques.

The fundamental thermodynamic properties of
anhydrous and water-bearing sodalite calculated in

GEOCHEMISTRY INTERNATIONAL

this study can be recommended for entering into data-
bases of thermodynamic constants of minerals and can
be utilized in modeling mineral-forming processes in
magmatic agpaitic alkaline and metasomatic rocks.
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