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Abstract—This paper reports the investigation of transformations occurring during heating of charoite min-
erals. Charoite rocks with different color characteristics (lilac, brown, and white asbestiform charoite referred
to as charoite-asbestos in the Russian literature) were investigated using mass spectrometry, differential scan-
ning calorimetry and thermogravimetry (DSC–TG), scanning electron microscopy (SEM), X-ray diffrac-
tion, and Raman spectroscopy. The charoites were heated up to 1200°C. During heating, dehydration and
dehydroxylation of lilac, brown, and white charoites were observed in the temperature range 50–500°C. The
release of H2O and OH-groups with an endothermic effect of ΔH = 58 J/g was also detected in white charoite-
asbestos at 720–800°C. Our study demonstrated that charoite gradually transforms to wollastonite and, then,
to pseudowollastonite at temperatures above 900°C.
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INTRODUCTION
The Sirenevyi Kamen deposit of the unique min-

eral charoite is situated at the boundary of Yakutia and
Irkutsk oblast. Murun charoite is a mineral crystalliz-
ing together with pyroxenes of the aegirine–diopside–
hedenbergite series, richterite–arfvedsonite amphi-
boles, potassium feldspar, and a number of rare sili-
cate, carbonate (barytocalcite and strontianite), sul-
fate, and sulfide minerals (Rogova et al., 1978; Vlady-
kin et al., 1983; Konev et al., 1996; Vorob’ev, 2008;
Dokuchits et al., 2022).

The genesis of the Murun charoitites has been a
matter of debate since their discovery (Rogova et al.,
1978; Vladykin et al., 1983, 2016, 2018; Prokofyev and
Vorob’ev, 1991; Vladykin and Tsaruk, 2003; Marchuk
et al., 2016; Dokuchits et al., 2023). Their magmatic,
metasomatic, hydrothermal, and mixed origin was
proposed. The first data on the crystallization tem-
perature of charoitites were reported in the 1980s
(Rogova, 1980). The homogenization temperatures of
fluid inclusions in quartz and tinaksite from charoi-
tites were determined as 350–400°C. According to
Prokofyev and Vorob’ev (1991), charoitite formation
began at temperatures of 740–565°C and pressures of
4000–650 bar. Biryukov and Berdnikov (1993) sup-

posed that charoitites crystallized at relatively low
temperatures of 200–250°C.

Recent investigations of f luid and melt inclusions
in the minerals of charoitites (Dokuchits et al., 2025;
Vladykin et al., 2018) showed that their formation was
related to magmatic and hydrothermal processes, early
minerals crystallized at >800°C, and crystallization
continued to 600–450°C.

Charoite is a complex silicate of Ca, K, and Na, the
composition of which can be described by the general
crystal chemical formula (K,Sr,Ba,Mn)15–16-
(Ca,Na)32[(Si70(O,OH)180)](OH,F)4.0∙nH2O (Rozh-
destvenskaya et al., 2010). Previous investigations
demonstrated that manganese is probably a chromo-
phore in charoites (Nikol’skaya, 1976). Its content is
relatively low in white and brown varieties and high in
lilac charoite, which was explained by the leaching of
K, Na, Ba, Sr, and Mn during weathering and oxida-
tion (Dokuchits et al., 2022).

High-temperature investigations of charoite were
reported by Lazebnik et al. (1977), Janeczek (1991),
Matesanz et al. (2008), Marchuk et al. (2016), and
Ionov et al. (2024); it was found that charoite contains
several types of water: tightly bound molecular water,
loosely bound molecular water, and weakly bound OH
80
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groups. The most recent experiments of Ionov et al.
(2024) showed that water is released from charoite at
temperatures of 50–460°C, CO2 is released at 500–
800°C, and the destruction of the mineral structure
with charoite to wollastonite transformation occurs at
970–1055°C. Thermograms of charoites of several
morphological types (block, plate, long-columnar,
and rosette-like) were reported by Lazebnik et al.
(1977). However, the high-temperature behavior of
charoites of different colors, which probably corre-
spond to different mineral generations, was never
studied.

A combined study by various modern experimental
methods is required for the better understanding of
charoite formation conditions and the determination
of the reason of its color variations. We investigated
three charoite samples of different colors (lilac,
brown, and white charoite-asbestos) at heating up to
the melting temperature using the methods of differ-
ential scanning calorimetry, thermogravimetry, X-ray
diffraction, mass spectrometry, and Raman spectros-
copy.

METHODS
X-Ray Diffraction

Powder X-ray diffraction patterns of the samples
were obtained using a Rigaku SmartLAB SE diffrac-
tometer equipped with 1D D/TeX PSD in Bragg–
Brentano geometry (Cu-Kα1,2, λ = 1.5418 Å) at room
temperature. The data were collected over a 2θ range
of 10°–90° with a step of 0.01°.

Differential Scanning Calorimetry
Charoitite transformations during hearting were

investigated on a NETZSCH STA 409 PC/PG appa-
ratus in the mode of simultaneous thermogravimetric,
calorimetric, and mass spectrometric analysis up to a
temperature of 1200°C. The experiments were con-
ducted at a heating rate of 10.0°C/min in an alundum
crucible in an argon atmosphere.

Raman Spectroscopy
Raman spectra were recorded at ambient tempera-

ture using a Princeton Instruments HRS-500 spec-
trometer with a CCD-detector cooled with liquid
nitrogen. Raman spectra were excited by a KLM-532
laser with a wavelength of 532 nm. The laser power was
~5 mW on the sample surface. Measurements were
conducted in back-scattered geometry. The laser
beam was focused to a 3–5 μm spot, and the light scat-
tered by the sample was collected using a 20× Apo
Mitutoyo objective lens. In order to obtain Raman
spectra above 200 cm–1, the laser line was suppressed
using a Semrock edge filter and a TydexNotch-6 holo-
graphic filter. The spectral resolution was ~1 cm–1 at a
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grating of 1200 grooves/mm. The absolute accuracy of
spectrometer measurement was ±1 cm–1 (calibration
using spectral lines of a Ne lamp).

CHARACTERISTICS
OF INITIAL CHAROITITES

The composition and microstructure of the sam-
ples were determined on a Tescan Vega II XMU scan-
ning electron microscope equipped with an INCA
Energy 450 energy dispersive spectrometer with an
INCA x-sight Si(Li) semiconductor detector and an
INCAWave 700 wavelength spectrometer. The investi-
gations were conducted at an accelerating voltage of
20 kV and a beam current of 46.8 nA in an Energy+
mode. Chemical analyses were calculated using the
program INCA Suitever.4.15 from the software pack-
age The Microanalysis Suite Issue 18d + SP3.

Figure 1 shows back-scattered and secondary elec-
tron images of the initial charoitite samples. Charoite
occurs in a variety of structural types. Fibrous charoite
aggregates often form a f luidal structure around earlier
minerals (pyroxene, tinaksite, F-apatite, dalyite,
amphibole, and microcline). Lilac charoite contains
thin strontianite veinlets, which are visible in back-
scattered and secondary electron images (Fig. 1a).
Strontianite often occurs in the charoite rocks as an
accessory mineral. Brown charoite (Fig. 1b) is fine-
grained and has a schistose texture, which envelopes
tinaksite grains in the lower part of the sample.
A fibrous structure can be seen in the sample of white
charoite-asbestos, which shows a slight composition
contrast with adjacent wollastonite crystals in back-
scattered electron images (Fig. 1c).

The energy dispersive spectrometer was used to
determine the contents of Si, Ca, K, Na, Ba, Sr, and
Ti, whereas Mn and Fe were analyzed by the wave-
length spectrometer. The detection limits at a confi-
dence level of 99.73% were 0.007 wt % for Mn and
0.011 wt % for Fe. The results of the X-ray spectral
analysis of the samples are given in Table 1.

The chemical compositions of the charoite samples
are presented in Table 1. The analysis spots are marked
by dots in the BSE images (Fig. 1). The compositions
of the three charoite samples are in general similar,
which indicates their compositional homogeneity.
Rather large wollastonite grains were observed in the
white charoite rock (Table 1, area 2, spectra in spots 1, 2,
and 6).

Figure 2 shows the X-ray diffraction patterns of
brown and white charoitites. The results indicate that
both samples are dominated by charoite and contain
microcline microinclusions. A significant amount of
wollastonite was detected in the charoite-asbestos
sample.

The Raman spectra of the initial samples (Fig. 3)
correspond to the charoite spectra reported by Buzatu
and Buzgar (2010). The Raman spectra of lilac
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Fig. 1. Back-scattered electron (BSE, left) and secondary
electron (SE, right) images of (a) lilac charoite, (b) brown
charoite, and (c) charoite-asbestos. The fields of view are
9, 7, and 4 mm, respectively. Numbers indicate the sites of
element analysis.
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charoite were described in detail previously (Ionov
et al., 2024). According to the literature (Richet et al.,
1998), three frequency ranges can be distinguished for
chain silicates: below 500 cm–1 corresponding to
metal–oxygen phonon modes, 500–850 cm–1 corre-
sponding to the O–Si–O bending vibrations and Si–
Obr stretching vibrations (Obr is bridging oxygen), and
900–1180 cm–1 corresponding to the Si–Onbr vibra-
tions (Onbr is nonbridging oxygen). In addition to these
ranges, all the spectra contain two high-frequency
lines at ~2350 and ~2400 cm–1. These lines are not
consistent with the frequency ranges of known pho-
non modes and are probably of a no-phonon origin.
Therefore, it can be supposed that these lines are
related to luminescence at a wavelength of ~610 nm.

The Raman spectrum of brown charoite contains
peaks not characteristic of the vibrational modes of
charoite. The peaks at 1060, 1460, and 1780 cm–1 cor-
respond very likely to the vibration modes of carbonate
anion  (Dufresne et al., 2018). Such spectral fea-
tures may indicate the presence of carbonate minerals
or isomorphic incorporation of  in the charoite
structure.

The presence of wollastonite inclusions in the
charoite-asbestos sample was supported by several
independent methods. Elemental analysis (Table 1,
white, area 2, wollastonite) revealed a CaSiO3 phase,
and X-ray structural analysis (Fig. 2b) indicated the
presence of a typical wollastonite crystalline structure.
Additional supportive evidence was obtained by
Raman spectrometry: the spectrum recorded in the
second area of the sample (Fig. 3, charoite-asbestos 2)
shows distinct main peaks at 410, 635, and 970 cm–1

coinciding with the characteristic modes of the refer-
ence wollastonite spectrum from the RRUFF data-
base (R040008).

INVESTIGATION OF HIGH-TEMPERATURE 
TRANSFORMATIONS

The analysis of the results of differential scanning
calorimetry and thermogravimetry (DSC–TG) pre-
sented in Fig. 4 demonstrated that the charoite sam-
ples experienced two stages of mass loss. A rapid loss
was observed at temperatures up to 400°C and, then,
at approximately 800°C in brown and white charoites
only. The TG curve of lilac charoite showed a gradual
decrease in sample mass above 400°C. A rapid mass
loss (~0.4%) was observed in charoite-asbestos at
~775°C, when an endothermic peak was observed on
the DSC curve. The absence of such a peak in the
DSC curve of brown charoite could be related to the
strong slope of the base line, which prevents the detec-
tion of minor thermal effects.

Other features observed on the DSC curves at 950–
1000°C are not accompanied by mass losses, and they
can be attributed, therefore, to structural transforma-

−2
3CO

−2
3CO
tions, the nature of which has to be elucidated. The
high-temperature transformations of lilac charoite
were analyzed in detail previously (Ionov et al., 2024).

A comparison of the DSC–TG and mass spectro-
metric curves of brown and white charoites (Figs. 5a
and 5b, respectively) revealed several stages of dehy-
dration and dehydroxylation during heating. Different
types of water were released. Charoite contains several
types of OH– groups and H2O molecules. The first
stage up to 200°C corresponds to the release of molec-
ular H2O loosely bound in the interlayer space of the
structure and part of loosely bound hydroxyl groups.
PETROLOGY  Vol. 34  No. 1  2026
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Table 1. Chemical composition of minerals from charoitites; component contents in percent are given at a confidence level
of 99.73%

<D.L. indicates below the detection limit.

Component Analytical standard Lilac Brown
White

area 1, charoite area 2, wollastonite

SiO2 SiO2 60.31 ± 1.66 60.09 ± 1.66 61.43 ± 1.62 50.33 ± 1.53
CaO Wollastonite 22.39 ± 0.89 22.91 ± 0.90 26.12 ± 0.93 48.20 ± 1.19
K2O Orthoclase 10.21 ± 0.56 9.57 ± 0.55 8.69 ± 0.51 <D.L.

Na2O Albite 2.12 ± 0.62 2.04 ± 0.61 0.53 ± 0.48 <D.L.

BaO BaF2 3.57 ± 0.93 1.86 ± 0.93 1.40 ± 0.78 <D.L.

SrO SrF2 <D.L. 0.92 ± 1.34 <D.L. <D.L.

TiO2 Ti <D.L. 2.07 ± 0.53 <D.L. <D.L.

MnO Mn 0.250 ± 0.027 0.264 ± 0.029 0.157 ± 0.024 0.380 ± 0.028
FeO Fe 0.028 ± 0.025 0.175 ± 0.022 0.072 ± 0.023 0.312 ± 0.028
During the second stage, tightly bound molecular
water and hydroxyl groups were released at 200–
500°C. The mass spectrometer curves of m/e = 17 and
18 of charoite-asbestos (Fig. 5b) show an intense peak
at 775°C, which indicates the presence of another
water type in the charoite sample.

Lazebnik et al. (1977) investigated the behavior of
water in charoites of different morphological types by
thermal analysis and IR spectroscopy. They described
two stages of water release during charoite heating:
elimination of loosely bound water upon heating up to
300°C and the release of residual water at 940–960°C
PETROLOGY  Vol. 34  No. 1  2026

Fig. 2. X-ray diffraction patterns (Cu-Kα radiation) of the in
Enlarged fragments of the X-ray patterns are shown in the inset
ICDD PDF Database.
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Fig. 3. Raman spectra of the initial charoite samples. From
top to bottom: spectrum from the RRUFF database
(R06037), lilac charoite, brown charoite, charoite-asbes-
tos (areas 1 and 2). Vertical dashes show the position of
peaks, and their frequencies (cm–1) are given above. Hor-
izontal bars are the intervals of vibration frequencies in sil-
icates (Richet et al., 1998).
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Fig. 4. Curves of (a) TG analysis and (b) DSC over the
complete temperature interval for all charoite samples.
The heating rate was 10°C/min.

Charoite-
asbestos

TGA, %

90

92

94

96

98

100

(a)

Lilac

Brown

Charoite-
asbestos

DSC, W/g

0 200 400 600 800 1000 1200

−3

−2

−1

0

(b)

Temperature, °C

Lilac

Brown
The mass loss of brown charoite at 800°C was
related to CO2 release owing to the decomposition of
carbonate groups (Fig. 5a). The appearance of an
endothermic peak (∆H = 53 J/g) at ~1000°C corre-
sponds to charoite transformation to low-temperature
wollastonite, which is similar to the transformation of
lilac charoite (Ionov et al., 2024). The DSC curve of
white charoite-asbestos has specific features. An exo-
thermic peak (ΔH = –18 J/g) was observed at ~950°C.
We attributed the observed heat effect to the reaction
of wollastonite (Ca3Si3O9) formation. It can be sup-
posed that the reaction occurs via heterogeneous
nucleation and growth on wollastonite inclusions,
which were present in the initial samples. A similar
process at the same temperature range was docu-
mented by Isaakyan et al. (2020) during wollastonite
synthesis.

In order to investigate the minerals by X-ray struc-
tural analysis and Raman spectroscopy, samples
annealed at 1200°C for ~3 h in air were prepared.

The obtained results of X-ray analysis and Raman
spectroscopy (Figs. 6, 7) demonstrated the transfor-
mation of the starting samples to the high-temperature
Ca3Si3O9 modification pseudowollastonite. Relics of
low-temperature wollastonite were also detected in
X-ray diffraction patterns. The diffraction pattern of
brown charoite contains a halo related to partial amor-
phization during heating.

The Raman spectra of the samples heated up to
1200°C also bear evidence for the presence of
pseudowollastonite (Fig. 7). The high-temperature
region contains a series of peaks and a rather wide
band at 2300–3000 cm–1. A weak peak at ~3350 cm–1,
which was obtained in the three samples, coincides
with the peak reported by Ionov et al. (2024) for
charoite affected by zonal melting and transformation
to the high-temperature phase α-CaSiO3. This peak is
shifted toward low frequencies relative to the fre-
quency band corresponding to the vibration of
hydroxyl groups in charoite (~3550 cm–1). The pres-
ence of H2O and OH– groups was investigated by IR
spectroscopy in charoite by Kaneva et al. (2020) and in
the minerals frankamenite (Kaneva et al., 2023) and
tinaksite (Kaneva and Shendrik, 2022) associating
with charoite. The vibration frequencies of OH– group
are within 3100–3500 cm–1. In these structures, tightly
bound OH– groups are localized on SiO4 tetrahedra,
and the intensity of O–H vibration begins to decrease
PETROLOGY  Vol. 34  No. 1  2026
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Fig. 5. Mass spectrometric, TG, and DSC curves of (a) brown charoite and (b) charoite-asbestos during heating. The heating rate
was 10°C/min.
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above 400°C. The accurate interpretation of the
~3350 cm–1 band requires further investigations.

Two varieties of white charoite were distinguished
in the literature. Vorob’ev (2008) described an early
variety of charoite-asbestos with low water and high
fluorine contents. Such a charoite variety was found
only in calcite carbonatites. The late variety of white
charoite was bleached during weathering, and its com-
position is more similar to brown charoite (low con-
tents of K, Na, Ba, Sr, and Mn). The behavior of
charoite-asbestos during heating leaves the question of
which type is our sample unanswered. Additional
PETROLOGY  Vol. 34  No. 1  2026
investigations of high-temperature transformations of
charoite by the method of in situ X-ray diffraction are
planned.

CONCLUSIONS
Three charoite samples from the Murun alkaline–

carbonatite massif were studied by mass spectrometry,
DSC–TG, X-ray diffraction, and Raman spectros-
copy.

The DSC–TG curves revealed two stages of min-
eral dehydration, which resulted in the loss of water
bonded in the structure by different mechanisms. The
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Fig. 7. Raman spectra of charoite annealed in air at
1200°C. From top to bottom: pseudowollastonite spec-
trum from the RRUFF database (R080145), lilac charoite,
brown charoite, and charoite-asbestos. Vertical dashes
show the position of peaks, and their frequencies (cm–1)
are given above.
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heating of charoites released loosely and tightly bound
crystallization water up to 500°C, and brown charoite
heating to 600–800°C caused the decomposition of
the carbonate components of the rock and CO2
release.

An endothermic peak with ΔH = 53 J/g was
recorded in brown charoite above 900°C. It is similar
to the peak observed in lilac charoite (Ionov et al.,
2024) and related to the charoite–wollastonite trans-
formation. The heating of charoite-asbestos revealed
an endothermic peak (ΔH = 58 J/g) at 800°C related
to the loss of constitutional water and an exothermic
peak (ΔH = –18 J/g) at above 900°C related to the
wollastonite-forming reaction. Wollastonite transfor-
mation to the high-temperature modification
pseudowollastonite began above 1000°C.
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