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Abstract—For the first time, the thermal behavior of a new mineral belomarinaite KNaSO4 coming from vol-
canic exhalations (trigonal syngony, Sp. gr. P3m1, a = 5.6072(3), c = 7.1781(4) Å, V = 195.45(2) Å3) was stud-
ied on a natural sublimate sample from the 2012–2013 Tolbachik Fissure Eruption and its synthetic analogue,
a low temperature (LT) polymorph of KNaSO4 (Sp. gr. P3m1) in the range 30–800°C (high-temperature
X-ray diffraction) и 30–1000°C (DSC and TG). The mineral is stable up to a temperature of 475 ± 10°C, at
which it has a polymorphic transformation into a high-temperature (HT) hexagonal polymorphic modifica-
tion (Sp. gr. P63/mmc), which is stable until melted at 800°C based on DSC. The thermal expansion of both
modifications is sharply anisotropic, and in the case of the HT phase the parameter a has a U-shape depen-
dence with a minimum at T = 620°C. The volumetric expansion of the αV HT phase is greater than that for
the LT phase by factors of 2–2.5 on average.

Keywords: volcanic exhalations, new mineral, belomarinaite, Tolbachik volcano, 2012‒2013 eruption, high-
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INTRODUCTION

In recent years, an active study of minerals from
volcanic exhalations has been carried out, including
the search and identification of the conditions for their
formation with changes in temperature and composi-
tion of gases. The eruptions of Tolbachik Volcano in
1975-1976 and 2012-2013 are among the most studied
mafic eruptions (Bolshoye treshchinnoe …, 1984; Bel-
ousov et al., 2015). New mineral species are often
found in the exhalations of these eruptions. Anhy-
drous and aqueous sulfates occupy a special place
among the minerals of volcanic exhalations of the
1975–1976 Great Tolbachik Fissure Eruption
(GTFE) and the 2012–2013 Tolbachik Fissure Erup-
tion (TFE). Among the anhydrous sulfates discovered
in recent years, one can distinguish such minerals as
ivsite Na3H (SO4)2 (Filatov et al., 2013), bubnovite
K2Na8Ca (SO4)6 (Gorelova et al., 2016), puninite
Na2Cu3O (SO4)3 (Siidra et al., 2017), dravertite CuMg
(SO4)2 (Pekov et al., 2017), saranchinaite Na2Cu
(SO4)2 (Siidra et al., 2018), itelmenite
Na2CuMg2(SO4)4 (Nazarchuk et al., 2018), belomari-
naite KNaSO4 (Filatov et al., 2019), koryakite
NaKMg2Al2(SO4)6 (Siidra et al., 2020), natroaphthi-

talite Na3K(SO4)2 (Pekov et al., 2020b), metathénard-
ite (Pekov et al., 2020b), petrovite Na10CaCu2(SO4)8
(Filatov et al., 2020), and dobrovolskyite
Na4Ca(SO4)3 (Shablinskii et al., 2020). The most
complete list of minerals found on Tolbachik Volcano
is given in a review work (Pekov et al., 2020a).

The sample in which belomarinaite was found after
cooling to atmospheric conditions (Filatov et al.,
2019), was taken on May 27, 2013 at the Tolud lava
field on the TFE lava f low, the temperature of which
was about 1000°C. The sample is a product of degas-
sing of an active lava f low of trachyandesite composi-
tion and turned out to be a new mineral species, which
was named belomarinaite.

The mineral is a dendritic (skeletal) formation of a
pale blue-green color, and belongs to the trigonal sys-
tem (P3m1), unit cell parameters are a = 5.6072 (3),
c = 7.1781 (4) Å, V = 195.45 (2) Å3. The structure of
the mineral was first described on a synthetic sample
in (Okada and Osaka, 1980) and determined more
accurately using a natural sample (Filatov et al., 2019).
Comparison of crystallographic data for belomari-
naite and similar minerals and chemical compounds is
given in Table 1. The mineral was approved by the
Commission on New Minerals, Names and Classifi-
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cation of Minerals of the International Mineralogical
Association on April 4, 2018. The reference sample of
the new mineral species was transferred to the Miner-
alogical Museum of St. Petersburg State University
(catalog number 1/19678).

In the crystal structure of belomarinaite, there are
two symmetrically independent positions of K atoms,
two positions of Na atoms, two S and four O (Okada
and Osaka, 1980; Filatov et al., 2019)… The K (1) and
K (2) cations are coordinated by twelve and ten oxygen
atoms with average bond lengths of 3.06 Å and 2.87 Å,
respectively. Na (1) is coordinated by six oxygen atoms
to form an octahedron with bonds characteristic of
Na–O (2.284–2.403 Å). Na (2) is coordinated by ten
oxygen atoms with extremely elongated bonds (2.8 Å
on average). The structure, as is typical for sulfates, is
insular with isolated SO4 tetrahedra.

HT Na2SO4 and K2SO4 polymorphs are isostruc-
tural, their crystal structures were determined more
accurately in the hexagonal system, Sp. gr. P63/mmc at
elevated temperatures up to 420 and 640°C in (Naruse
et al., 1987; Arnold et al., 1981), respectively. In the
Na2SO4–K2SO4 system at high temperatures, there
are a number of continuous solid solutions based on
these hexagonal polymorphs, the temperature of the
polymorphic transition for equimolar composition
corresponds to approx. 470°C, the beginning of melt-
ing is about 880°C (Eysel et al., 1985; Kumari and
Secco, 1983), the polymorphic transition of these
solid solutions of the ordering - disordering type in this
system is also discussed in (Kumari and Secco, 1983).
Information on the thermal expansion of the low-tem-
perature polymorph KNaSO4 are given only in the
range 300–500 K according to dilatometry data (Kas-
sem et al., 2007).

The thermal behavior of a mineral of high-tem-
perature genesis is of undoubted interest. In this work,
we study the thermal behavior of natural and synthetic
KNaSO4 carried out in situ using methods of high-

temperature X-ray diffraction of polycrystals and ther-
mal analysis in atmospheric air.

EXPERIMENT

Thermal analysis (DSC and TG). The study of a
natural sample of belomarinaite was carried out on a
Netzsch STA 449-F3-Jupiter device in a ceramic cru-
cible in air at an average heating rate of 10°C/min.
Since the sample was in air for a long time, it was first
heated in the temperature range 30–800°C, cooled
and reheated in the range of 30–1000°C. The tem-
perature of phase transformations was determined
from the maximum of the peaks at the DSC curve
(Fig. 1).

High-temperature X-ray diffraction. The studies
were carried out using a Rigaku Ultima IV diffractom-
eter (CuKα1 + 2, 40 kV, 30 mA, ref lection geometry,
high-speed energy-dispersive detector DTEX/ULTRA)
with a high-temperature chamber “SHT-1500”. Dif-
fraction angle range 2θ was 10–80 °. The sample was
prepared on a substrate by deposition from a heptane
suspension. Thermal expansion coefficients were
determined using the Theta To Tensor software pack-
age (Bubnova et al., 2013).

Belomarinaite and its synthetic analogue were
investigated by high-temperature X-ray diffraction.
A synthetic analogue was obtained by heating a
mechanical equimolar mixture of potassium and
sodium sulfates to 800°C. At 700°C, the sample
became a hexagonal homogeneous solid solution. This
homogeneous solid solution was examined during
cooling from 800°C to room temperature in 20°C
steps. Since the synthetic sample was studied during
cooling, natural belomarinaite was first heated to
800°C with a temperature step of 100°C, and only then
was the study carried out during cooling with a smaller
step of 10°C.

Table 1. Crystallographic data on belomarinaite and similar minerals and chemical compounds

Note. 1 (Okada, Osaka, 1980); 2 (Filatov et al., 2019); 3 (Shchipalkina et al., 2018); 4 (Chukanov et al., 2015); 5 (Pekov et al., 2020b); 6
(Arnold et al., 1981); 7 (Gorelova et al., 2016); 8 (Kato and Saalfield, 1972); 9 (Shablinskii et al., 2020).

Mineral Formula sp. gr. a, Å c, Å V, Å3 Reference

Aphthitalite K3Na (SO4)2 P–3m1 5.680(1) 7.309(3) 204.2(1) 1
Belomarinaite KNa (SO4) P3m1 5.6072(3) 7.1781(4) 195.45(2) 2
Natroaphthitalite KNa3(SO4)2 P–3m1 5.6014(3) 7.1507(5) 194.30(1) 3
Moenite (NH4) K2Na (SO4)2 P–3m1 5.7402(3) 7.435(1) 212.16(1) 4
Metathénardite Na2SO4 P63/mmc 5.347(1) 7.088 (2) 175.48(7) 5

α–K2SO4 (740°C) P63/mmc 5.917(4) 8.182(4) 248.3(1) 6
Bubnovite K2Na8Ca (SO4)6 P31c 10.804(3) 22.011(6) 2225(2) 7
Hanksite Na22K (SO4)9(CO3)2Cl P63/m 10.490(1) 21.240(1) 2024(1) 8
Dobrovolskyite Na4Ca (SO4)3 R3 15.7223(2) 22.0160(5) 4713.1(2) 9
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RESULTS

Thermal analysis data (DSC/TG). The TG curve
shows an insignificant weight loss (1.2%) in the tem-
perature range 700–1000°C. The DSC curve shows
three effects (see Fig. 1), which agree with the litera-
ture data for a synthetic sample. In (Kassem et al.,
1993), it was suggested that the first broad exothermic
peak (123°C) corresponds to a second-order phase
transition; our thermal X-ray data do not confirm this
effect (Fig. 2). At a temperature of 446°C, a polymor-
phic transition from the LT phase to the high-tem-
perature phase occurs, and at 840°C the high-tem-
perature phase melts.

Polymorphic trigonal-hexagonal transition
according to high-temperature X-ray diffraction data.
High-temperature X-ray diffraction, as mentioned in

the Experiment section, was carried out during cool-
ing from 800°C. The results turned out to be similar
for natural and synthetic samples. In the diffraction
patterns of natural and synthetic samples, the peaks of
the HT phase of KNaSO4 when cooling down to 470 ±
5°C and 480 ± 10°C, respectively (see Fig. 2). With
further cooling, a transition to LT-modification KNa-
SO4 occurred through the two-phase region, with
peaks of both phases being observed at 470°C, below
the peaks of only trigonal belomarinaite were found:
the transition is reversible as noted in (Eysel et al.,
1985).

The difference in the phase transition temperature
according to the data of thermal analysis and high-
temperature X-ray diffraction (~ 20°C) may be due to
a non-standard combination of experimental modes:

Fig. 1. DSC and TG curves for belomarinaite.
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rapid heating in thermal analysis and slow cooling
during high-temperature X-ray diffraction measure-
ments.

According to the study of the system (Eysel et al.,
1985; Kumari and Secco, 1983), the HT modification
of KNaSO4 is a solid solution of sodium and potassium
sulfates. The diffraction pattern of the HT KNaSO4
modification corresponds to HT phases of Na2SO4
(Naruse et al., 1987) and of K2SO4 (Arnold et al.,
1981) crystallizing in Sp.gr. P63/mmc…

Thermal expansion of polymorphic modifications.
Changes in the parameters and volume of the unit cell
of both polymorphic modifications as a function of
temperature are plotted in Fig. 3. Since the process of
thermal expansion is reversible and has no hysteresis,
we can discuss the plots as measured during heating,
although the survey was carried out with cooling from
800°C (see the Experiment section). In both phases,
the parameters and unit cell volume increase with
increasing temperature. The sharply anisotropic char-
acter of the LT phase is due to the tendency of the
parameters of its cell to reach the values of the param-
eters of the HT phase. However, the polymorphic
transition is completed without reaching the equality
of parameters and volume (aLT = 5.6568 (8) Å ≠ aHT =
5.666 (2) Å, cLT = 7.492 (1) Å ≠ cHT 7.597 (1) Å and VLT =
208.3 (3) Å3 ≠ VHT = 210.54 (6) Å3 at 470 ± 5°C). That
is, the parameters make insignificant jumps; therefore,
this is a transition of the first thermodynamic order with
an insignificant jump in volume (∆V = 2.2 Å3). Direc-
tionality of polymorphic trigonal–hexagonal transfor-
mation is consistent with the well-known tendency of
increasing symmetry in a substance with increasing
temperature. The nature of the thermal expansion of
the LT phase is due to its tendency to turn into the HT-
phase (Filatov, 1990). The uniqueness of this poly-
morphic transformation consists, first of all, in the
fact that it reaches its virtually complete termination.

It can be seen (see Fig. 3) that for the LT poly-
morph parameter the dependence of a is a convex
curve, while the curves for the parameter c and volume
V are concave. For the LT phase, the dependence of
the parameter c and volume V are convex, while for the
parameter a a U-shaped relationship is observed with
a minimum at 620°C. The parameters and volume of
the LT-phase were approximated by polynomials of
degree 2 in the temperature range 30–475°C:

The parameters and volume of the HT-phase were
also approximated by polynomials of the second
degree in the range of 475–800°C:

The principal values of the expansion tensor were
calculated using the approximation coefficients (Bub-
nova et al., 2013). Table 2 lists the thermal expansion
coefficients for natural and synthetic samples at sev-
eral temperatures. It is seen that for the LT phase the
expansion along the axis c increases from 15 to 157 ×
10–6°C–1, while for the HT phase, the expansion along
the axis c substantially decreases, from 370 to 270 ×
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Fig. 3. Dependence of the parameters and volume of the
unit cell on the temperature of belomarinaite. The vertical
line shows the phase transition boundary.
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10–6°C–1. The volumetric coefficients of thermal
expansion for the modifications vary in the intervals
for which they were studied, for the LT-phase from 80
to 200 (×10–6°C–1) and for the HT phase from 350 to
300 (× 10–6°C–1). The thermal expansion in both
modifications is sharply anisotropic; during the poly-
morphic transition, the volume expansion doubles; on
the whole, the expansion of the HT modification
increases by factors of 2–3 relative to the expansion of
the LT phase.

The crystal structure of belomarinaite can be
described in terms of pseudo-dense cation packings
(O’Keeffe and Hyde, 1985; Krivovichev and Filatov,
1999; Vegas, 2000). Potassium and sodium cations
form a pseudo-dense cation packing with hexagonal
layers parallel to the (001) plane. The thermal expan-
sion of such structures is similar to the classical ther-
mal expansion of layered compounds, which explains
the maximum thermal expansion of belomarinaite
along the axis c, that is, perpendicular to the layers of
the most dense hexagonal packing (Fig. 4). Most
likely, the sharp increase in the thermal expansion of
the crystal structure of the high-temperature modifi-
cation along the c-axis is due to oscillations and after-
wards with rotation of SO4 tetrahedra. This is con-
firmed by the interpretation of the crystal structures of
K2SO4 and Na2SO4 – P63/mmc at high temperatures
according to monocrystal data (Arnold et al., 1981;
Naruse et al., 1987).

CONCLUSIONS

For a new mineral type of volcanic exhalations of
belomarinaite KNaSO4 (sp. gr. P3m1), which is a
product of degassing of an active trachyandesite lava
flow, the thermal behavior was studied in the range of
30–800°C in air.

A high-temperature modification of this mineral is
shown to exist above 470°C. This allows one to expect
that under favorable conditions (the presence of impu-
rities), a high-temperature polymorphic modification
can be found in nature under atmospheric conditions.
This was the case, for example, for thenardite Na2SO4
(sp. gr. Fddd), for which the scientific group of prof.
I.V. Pekov discovered a high-temperature modifica-
tion called metatenardite Na2SO4 (sp. gr. P63/mmc)
among the products of exhalations of Tolbachik Vol-
cano (Pekov et al., 2020b). The discovery of such a
high-temperature modification was predicted for the
first time in (Lacroix, 1910).

The causes of a sharp anisotropy of thermal expan-
sion in both modifications have been identified. Volu-
metric expansion αV varies for the low-temperature
phase in the range 80–200 × 10–6°C–1, and for high-
temperature phase in the range 350–300 × 10–6°C–1

for the temperatures at which they were studied, i.e.,
the expansion of the HT phase exceeds the expansion
of the LT phase by an average of 2–2.5 times. The
direction of the polymorphic trigonal–hexagonal
transformation is consistent with the well-known ten-
dency to increase the symmetry of a substance upon
heating. The sharply anisotropic character of the LT
phase is due to the tendency of its unit cell parameters
to converge to the parameters of the HT phase. How-
ever, completing the polymorphic transition and not
reaching equality, the crystal structure makes an insig-
nificant jump ∆V = 2.2 Å3, i.e., this polymorphic tran-
sition is a first-order phase transition.

The studies were carried out using the equipment
of the resource center of St. Petersburg State Univer-
sity “X-ray Diffraction Research Methods”. Thy
high-temperature X-ray diffraction photography was
carried out at the resource center “X-ray Diffraction
Research Methods” of the scientific park of St. Peters-

Table 2. Coefficients of thermal expansion of belomarinaite and its synthetic analogue at several temperatures

Phase T, °С
Natural sample/synthetic sample

αa (× 106°C–1) αc (× 106°C–1) αV (× 106°C–1)

P3m1 30 35(1)/33(1) 9(5)/15(5) 80(5)/83(5)
100 33(1)/31(1) 34(2)/40(3) 100(2)/102(3)
200 28(1)/29 (1) 69(2)/70 (1) 127(2)/128(1)
300 24(1)/27 (1) 104(5)/100(2) 154(5)/153(2)
400 21(1)/24(1) 138(4)/129(4) 180(4)/178(5)
475 18(1)/22(1) 157(5)/151(5) 194(5)/196(5)

P63/mmc 475 –13(1)/–14(2) 370(2)/374(2) 342(3)/345(3)
500 –10(1)/–12(2) 358(1)/365(2) 337(1)/340(3)
600 0(1)/1(1) 322(1)/325(2) 321(1)/326(2)
700 10(1)/13(1) 289(2)/287(1) 308(2)/314(2)
800 16(1)/26(2) 270(2)/256(2) 302(2)/305(3)
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