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High-temperature transformation of polymineral complex structures
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The combination of various microcrystalline structures of natural polymineral complexes determines the

main trends in their practical application. For example, the extraction of rare and trace chemical elements

isomorphically incorporated into crystalline cells involves mechanical and thermal means of modifying and

destroying durable aluminosilicate structures. The qualitative and quantitative composition of impurity elements,

phase transformations and fine structure were established using diffractometry, differential thermal and spectral

analyses. The presence of paramagnetic impurity ions Fe3+, Cu2+ and Mn2+ allows them to be used

as spin probes for recording the processes of modification and destruction of crystal cells using ESR

spectroscopy.
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Introduction

The natural
”
synthesis“ of materials, which took place,

as a rule, at high pressures and temperatures for a long

time, results in the formation of many crystalline minerals.

The synthesis of similar substances is either very difficult or

impossible at all in laboratory conditions. They retain their

original crystal structure, at least at the micro level. even in

the processes of long-term mechanical transformations and

grinding

During their formation, their regular crystal lattices

were filled with various impurity elements, many of

which are valuable hard-to-recover raw materials. Extrac-

tion of such rare and scattered elements is a complex

technological process, for example, from aluminosilicate

gratings. As a rule, it includes grinding and high-

temperature processing. The purpose of such operations

is the destruction of crystal structures for the subsequent

physico-chemical extraction of atoms and ions of impurity

elements.

Both the parameters of crystal lattices and the curves

of temperature evolutions up to destruction are known

for artificial and pure crystals. The evidence becomes

less obvious for structures synthesized by nature. The

technological process always has several stages at which

the evolution of the material structure from a given

trajectory may begin to deviate. The impurity centers

begin to swing the process of destruction of crystal lattices

out of equilibrium in addition to the external fluctuating

production conditions. The presence of impurity centers is

sometimes not monitored, sometimes ignored, although they

can serve both as activators [1] and stabilizers of phase and

polymorphic transformations [2]. The impurity centers can

be inert in a specific technological process and act simply

as indicators of structural transformations [3]. Paramagnetic

impurity ions, such as Mn2+ and Fe3+, are spin labels

allowing for using the ESR method to record the Jahn-Teller

effects affecting the energy of crystal cells containing these

ions [4].

Dispersed systems, on the one hand, inherit the properties

of macro-objects, on the other hand, exhibit the unpre-

dictability of the evolution of natural polymineral complexes

(NPC) due to possible synergistic effects. The study of the

structural, physico-chemical and technological properties of

the NPC of various deposits will expand the raw material

base for various industries [5–9].

The purpose of this work is to study the high-temperature

transformation of crystal structures and to determine the

role of impurity centers in the stabilization, distortion or

destruction of crystal lattices of minerals that make up NPC.
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Table 1. Chemical composition of NPC particles, wt.%

Oxide SiO2 Al2O3 CaO Fe2O3 MgO K2O TiO2 Na2O SO3 Loss on

ignition

Table of Content 50.46 12.66 8.71 6.05 3.61 2.13 0.82 0.71 0.21 14.64

1. Experimental

1.1. Material

The NPC of the Yuzhno-Uralskoe deposit in the Oren-

burg region, developed by LLC
”
Ackermann Cement“ were

studied.

The chemical composition analysis conducted in accor-

dance with the Russian standard GOST 21216-2014 [10]
showed the presence of basic oxides in the NPC, listed in

descending order in Table 1. The average values obtained

from 10 representative samples of the deposit are indicated

in weight percentages; the measurement accuracy was 0.01

wt.fluctuation of the oxide contents in the sample across

various sampling locations was less than 5.5wt.%.

The studied NPC were classified in accordance with

GOST 9169-2021 as acidic non-metallic feedstock (< 14%

Al2O3) with a high content of coloring oxides (> 5%

Fe2O3 + TiO2) and low content of water-soluble salts.

Powders consisting of particles with an effective diameter

of less than 40µm were used to study the structural

transformations of the components of a thermally exposed

NPC. The specified dispersion was achieved by dry grinding

in a laboratory ball mill (iMold, Russia) and subsequent

screening on a sieve with a mesh size of 40µm (if more

complex sample preparation was not required for more

accurate analysis). The isoelectric point of the NPC,

determined according to [11], close to pH ≈ 8.3 [12].
Modeling and understanding the full picture of struc-

tural transformations occurring with increasing temperature

requires a complex of experimental studies at different

hierarchical levels: micro- and nanoscale. The reliabil-

ity of the information is ensured by the fact that the

analyses and their interpretation were carried out in four

scientific laboratories with different instrumentation and

software. The results with a high degree of correlation

have been accepted as reliable data. Methods allowing

the evaluation of qualitative and quantitative compositions

of impurity elements (section 1.2), mineral characteristics

(section 1.3−1.5) and the fine structure were used in this

study (methods (sections 1.5, 1.6)).

1.2. X-ray fluorescence analysis (XRF)

The XRF made it possible to clarify the elemental

composition of the studied material, since two devices were

used for the study, each of which allowed considering an

individual range of chemical elements with both large and

small atomic masses.

In the first case, the spectra were recorded using an

energy dispersive X-ray fluorescence spectrometer ARL

Quant’X (Thermo Fisher Scientific, USA). Conditions for

recording of spectra: tube anode — rhodium; tube power —
50W; cooling — air; atmosphere: vacuum for analysis of

elements from aluminum to scandium; air for analysis of

elements from titanium to uranium. The analysis of powders

under vacuum was carried out in a gas-permeable cuvette.

In the second case, the X-ray spectra were recorded using

the SPECTROSCAN MAX-GVM analytical complex (LLC

”
NPO

”
SPECTRON“, Russia) based on a vacuum X-ray

fluorescence crystal diffraction scanning spectrometer. The

measurements were carried out under normal laboratory

conditions at a temperature of 20± 5◦C. Standard samples

were used to calculate the coefficients of proportional-

ity and build calibration curves
”
Calibration Sample GR

PA5.700.001“,
”
Calibration Sample MgO PA5.700.001-02“

etc. The standard samples 10021-2011, 10017-2011, 10019-

2011, 10015-2011, 10018-2011 were used to test the

accuracy of the measuring instruments.

1.3. X-ray diffraction analysis

The analysis of powder samples to determine the phase

composition was performed using two DRON-type devices.

Semi-quantitative mineralogical analysis of the initial sample

of NPC was conducted as a detailed analysis of the clay

mineral proportion using an X-ray diffractometer RIGAKU

ULTIMA IV (Rigaku Corporation, Japan) with the X-ray

imaging in the Bregg-Brentano geometry. Diffractograms

were obtained under the following conditions: X-ray tube

anode — Cu (copper), tube voltage — 40 kV, current —
30mA, power — 1.2 kW, shooting speed — 1 deg/min, step

0.02◦, imaging angles 2θ from 3◦ to 65◦ . The interpretation

of diffractograms consisted of the stages of identification of

the phase composition, crystal modifications and assessment

of their quantitative content by full-profile analysis methods

(Rietveld method). Diffractograms were processed using

special software products (PDXL, Traces V6, SiroQuant)
and digital databases of X-ray powder diffractometry PDF2

or PDF4 of the International Centre for Diffraction Data

(ICDD, Denver, USA). The error in calculating the quanti-

tative content of each mineral phase did not exceed 10%,

and depended on the ratio of peak intensity of the main,

significant and secondary phases [13].
The analysis of the evolution of the phase composition as

a result of heat treatment did not require specific shooting

conditions and interpretation of radiographs. Therefore,

Shimadzu XRD 7000S diffractometer (Shimadzu Corpo-

ration, Japan) equipped with a OneSight matrix detector

was used. Diffractograms were taken at the following

parameters: X-ray tube anode — Cu (copper), powder

Technical Physics, 2024, Vol. 69, No. 1



High-temperature transformation of polymineral complex structures 95

0

5

10

15

P K Ti Fe Zn Zr

%

0

1.0

0.2

0.8

0.4

0.6

S Ca CrMn Ni Y PbBa
Chemical elements

Atomic weight

Mg Al Si P K Ti Fe Zn ZrS Ca Cr Mn Ni Y Ba

Chemical elements

Atomic weight

Pb

40

45

50 1

2

%

Figure 1. The result of the XRF obtained by two methods: 1 — ARL Quant’X; 2 — SPECTROSCAN MAX-GVM).

sample with rotation, shooting angles 2θ from 5 to 140◦,

shooting speed — 1◦/min, step — 0.2◦ .

1.4. Differential thermal analysis and
thermogravimetric analysis (DTA/TGA)

The structural transformation processes in the sample

were first monitored using differential thermal analysis. DTA

thermograms were obtained using Thermoscan-2 system

(manufacturer country — Russia) with a heating rate of

10◦C/min [14] from room temperature 25 to 1000◦C,

the temperature measurement error was ±1◦C. Aluminum

oxide powder (Al2O3) weighing 0.5 g, sealed in a quartz

vessel, was used as a reference. The weight of the test

sample placed in a quartz crucible was 0.50± 0.01 g.

Gravimetric analysis was performed using analyzer SDT

Q600 (INTERTECH Corporation, USA). Imaging condi-

tions: ceramic (Al2O3) crucibles; atmosphere — air; air

consumption — 100ml/min.

1.5. Infrared (IR) spectroscopy

The spectra of the studied samples were obtained using

the Fourier-IR spectrometer InfraLUM FT-08 (Lumex LLC,

Russia). Zinc selenide (ZnSe) with a single reflection

was used as a crystal for the attenuated total reflectance

(ATR) accessory. Measurements were conducted in the

range 550−4000 cm−1 with a resolution of 2 cm−1, Bessel

apodization was used for the Fourier transform.

The spectra were recorded using accumulation mode with

60 scans and baseline correction. A continuous wavelet

transform was applied to search for absorption maxima,

decomposing the analyzed spectrum using MHAT wavelets

with a width from 1 to 25 cm−1. The wavelet analysis

made it possible to identify local maxima of overlapping

peaks [15].

1.6. ESR spectroscopy

The electron paramagnetic resonance spectra of NPC

samples in the initial state and after reference temperatures

were recorded using small-sized automated ESR spec-

trometer CMS8400 (Adani, Belarus) at room temperature.

ESR spectrum recording: frequency 9.86GHz, magnetic

field 0.1−0.6 T, frequency of magnetic field modulation —
100 kHz.

2. Results and discussion

2.1. Updated chemical composition of NPC
particles

The resulting chemical oxide composition of NPC meets

the requirements for the random distribution of the oxide

composition of non-metallic raw materials intended for

industrial use [16]. The updated elemental composition is

illustrated in Fig. 1. NPC particles contain 17 chemical

elements, most of which are transition metals. Eight metals

Technical Physics, 2024, Vol. 69, No. 1
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Figure 2. IR spectrum of NPC powders (top); wavelet transform of the spectrum (middle insert); fragments of the most saturated

absorption bands of the spectrum (bottom).

with the concentration of less than 1% are classified as

impurities (insert in Fig. 1): Ti, Cr, Mn, Ni, Zn, Zr and

Pb. Trace amounts of copper, vanadium, and yttrium were

found. The presence of such elements such as Fe, Ti, Cr,

Mn, and Ni in the sample makes it feasible to use the ESR

spectroscopy to study the fine structure. The presence of

ions Fe3+ and Mn2+ in the NPC determined the logic of

their use as well-proven paired spin labels [17].

The spread of values for Fe, Al and Si is attributable

to the fact that these elements are contained both in the

crystal lattices of
”
native“ minerals (for example, iron

oxides/hydroxides, silica, alumina) and are present in the

form of impurity centers (carbonates, clay minerals).

2.2. Chemical bonds in NPC minerals

Fig. 2 shows the results of IR spectroscopy of the

NPC. The main absorption maximum was in the range

of 800−1200 cm−1, in which, first of all, Si-O and Al-

OH bonds determine characteristic absorption bands of the

aluminosilicate group of minerals. The librations of the

Al-OH bond (933, 908 cm−1) and fluctuations of the Si-

O bond (991, 1030, 1114 and 1161 cm−1) of the kaolinite

mineral were the most intensive among them. Many of these

broad absorption bands included weaker bands belonging,

in particular, to montmorillonite (smectite) or clinochlorite

(magnesian chlorite). The qualitative determination of these

minerals is impossible by the conventional IR spectroscopy

method due to the small quantitative content and weak

resolution of absorption bands due to the similarity of

structures.

It was possible to separate the overlapping lines (the
lower part of Fig. 2) as a result of the wavelet transform

(the middle part of Fig. 2) and spread the absorption bands

across the corresponding minerals (Table 2).

The mode with a maximum in the region of 828 cm1 indi-

cated that kaolinite was the main clay mineral in the sample.

This mode was caused by the excitation of some
”
defective“

Al-OH groups in which the cation Al3+ is replaced by

an ion Mg2+. Such isomorphism was confirmed by the

absorption band at 685 cm−1, related to the deformation

oscillation of Al(Mg)-OH. Narrow intense maxima in the

region of 3620−3700 cm−1 indicated vibrations of Me-OH,

where Me is the metal of the crystal lattice, rather than

valence vibrations of OH groups. Therefore, the absorptions

at frequencies 3621, 3645, 3672, 3696 cm−1 were caused

by vibrations of various OH groups in the structure of the

kaolinite crystal: one group was inside the crystal and three

other groups were in the interlayer space of kaolinite.

A broad maximum was observed in the region

1600−1700 cm−1. It was formed by the excitation of defor-

mation vibrations of water molecules in the interlayer space

Technical Physics, 2024, Vol. 69, No. 1
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Table 2. Distribution of absorption bands of minerals

Mineral, Chemical formula, Band
Chemical bond

Spatial symmetry group, absorption,
(type of oscillation)

Mineral nomenclature cm−1

Kaolinite

649

Al-O (tensioning)
Al4[Si4O10](OH)8 Si-O-Al (broadcast)

P1 [21–23]

Two-layer lattice of
685

Al(Mg)-OH (deformation)
silicon-oxygen tetrahedral [21,22,24]

and alumina-oxygen octahedral

828
Al(Mg)-OH libration

layers
[21,22]

908 Al-OH (libration)

933 [21–23,25]

1030 Si-O (antisymmetric stretching) [23]

3621 O-H (valence, inside the crystal) [21,22,26]

3645, 3672, O−H (valence,
3696 interlayer) [21,22,25,27]

Quartz 693

SiO2 Si−O [28]
P312 1 777, 796

Lattice of silicon-oxygen

layer

Calcite 712, 733

CaCo3 873 COOO2− [18]
R3̄c 1415, 1436

Anhydrous carbonate 1797, 2514

Montmorillonite 908 Al-OH (libration) [21–23,25]
(

(Mg0.33Al1.67[Si4O10](OH)2[Na0.33(H2O4)]
)

991 Si-O (antisymmetric stretching) [23]

B2/m 1640 H-O-H (deformation)

Three-layer lattice of two [25–27]

silicon-oxygen tetrahedral and,

3397 O-H (valence)aluminum oxygen separating them

[25,27]octahedral, layers

Clinochlor
908

Al-OH (libration)
(Mg,Fe)4.75Al1.25[Si2.75Al1.25O10](OH)8 [21–23,25]

C2/m [29] 991 Si-O (antisymmetric stretching)

Three-layer grid of two 1030
[23,25,27]

silicon-oxygen tetrahedral and,

1114, 1161
Si-O (antisymmetricaluminum oxygen separating them

stretching) [22,23, 25,26]octahedral, layers

1640
H-O-H (deformation)

[25,27]

3397 O-H (valence) [25,27]

Corundum

Al2O3 1990, 2931, Al−O [19]
R3̄c 3079, 3308

Simple oxide

7 Technical Physics, 2024, Vol. 69, No. 1
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Figure 3. Differential thermal and thermogravimetric depen-

dences for NPC.

of aluminosilicates, which may contain a weakly bound

hydroxyl group (mainly clinochlorite or montmorillonite).
The broad maximum at 3397 cm−1 also occurred due to

valence fluctuations of OH groups.

Many lines of amorphous and crystalline silicon (quartz)
oxides were recorded. Quartz lines are clearly visible at

693, 777 and 796 cm−1. Narrow intense absorption bands

of calcite are distinguishable against the background of

aluminosilicates: 712, 828, 873, 1415, 1797, 2514 cm−1.

Their position is quite consistent with the literature [18] and
allows drawing an accurate conclusion about the presence of

calcite as the main carbonate.
”
Shoulders“ are noticeable in

the absorption bands. They are formed by the superposition

of absorption bands of similar minerals. Most of them are

shifted towards larger wavelengths relative to calcite, they

are associated with distortions of crystal lattices by impurity

centers because of the Jahn-Teller effect.

Low-intensity, but distinct and well consistent with the

literature data, corundum absorption bands [19] are visible

at the wavelengths 1990, 2931, 3079 and 3308 cm−1. It can

be noted that the presence of iron oxides was not found in

the IR spectra, the absorption lines of which often merge

with aluminosilicates [20].
Therefore, the IR spectroscopy method revealed the

presence of at least 6 minerals: kaolinite, quartz, calcite,

montmorillonite, clinochlore and corundum, which fully

corresponds to the generally accepted definition of a

polymineral complex.

2.3. Differential thermal and thermogravimetric
effects in NPC samples

Fig. 3 shows a thermogram describing differential thermal

and thermogravimetric effects in mineral particles. The

initial samples were treated with 30% hydrogen peroxide

to abandon the energy effects caused by the burning of

organic matter [30]. The violent reaction with the release of

hydrogen sulfide resulted in a mass loss of about 1.5 wt.

Kaolinite, montmorillonite and clinochlorite (layered sili-

cates) are characterized by a number of endothermic effects

associated with the removal of physically and chemically

bound water and decomposition processes.

The first intense endothermic effect in the temperature

range from 50 to 250◦C (with a maximum at 140◦C)
is interpreted as the removal of absorbtionally bound

(hydrated) and interlayer molecular water from kaolinite and

montmorillonite lattices. The second endothermic effect in

the temperature range from 250 to 620◦C is attributable to

the removal of crystallization water from these minerals and

their partial amorphization [31].
Two endothermic effects on the thermogram are charac-

teristic for the removal of crystallization and combined water

from clinochlore: the first effect is in the temperature range

550−780◦C, and the second is in temperature range from

750 to 950◦C [32]. No similar effects were observed on the

resulting thermogram, either due to the insignificant amount

of clinochlore or due to the stabilization of its crystal lattice

by impurity centers.

A weak endothermic effect at a temperature of about

570◦C is associated with polymorphic transformations of

α → β-quartz, accompanied by a slight increase of the

volume of the crystal cell (by 0.82%) [28]. The exothermic

process above 800◦C is attributable to the started processes

of particle consolidation.

The greatest mass losses are typical for the temperature

ranges of 25−100◦C and 450−700◦C. The rate of mass loss

in the first case was 0.57 g/◦C, and it was 4 times greater

in the second case. This is explained by various types of

structural transformations such as the removal of residual

organic matter and decomposition of calcite, respectively.

Then the mass stabilizes up to 1000◦C.

As a result, the following reference points are determined

along the DTA curve, at which certain structural transforma-

tions are completed, ◦C: 250, 620, 800, 1000. The evolution

of the NPC structure under the impact of temperature was

monitored by X-ray phase analysis and ESR spectroscopy at

reference points.

2.4. Evolution of the NPC phase composition
under temperature impact

The isolation and analysis of clay minerals in the studied

sample is possible only in case of a special sample

preparation by enriching the sample with clay minerals using

flotation [33]. After that, the diffractograms in the zone of

small angles demonstrated a sharp increase of clay mineral

intensity (Fig. 4). It was found as a result of X-ray diffraction

analysis that the NPC is a polyphase system consisting of

10 phases (in descending order): α-quartz SiO2; calcite;

kaolinite; montmorillonite; microcline K[AlSi3O8] (P1̄),
muscovite KAl2[AlSi3O10][OH]2 (C2/c); clinochlore; corun-
dum; magnetite Fe3O4 (FeO·Fe2O3) (Fd3̄m); rhodonite

Mn3[Si3O9] (P1̄).
These results are in good agreement with the data

obtained by DTA/TGA, IR and XRD spectroscopy meth-

ods. Thus, the presence of microcline and muscovite is

Technical Physics, 2024, Vol. 69, No. 1
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consistent with a significant potassium content identified

by XRD spectroscopy. The presence of magnetite corre-

lates with the chemical composition, and the presence of

quartz, corundum, calcite, kaolinite, montmorillonite and

clinochlore correlates with IR spectroscopy data.

X-ray diffraction analysis of samples burnt at reference

temperatures showed the following results (Fig. 5). The

quartz content in the initial sample accounts for the half

of the crystalline phases, less than in the other phases.

The proportion of crystalline silicon oxides increases es-

pecially significantly after 620◦C, when cristobalite (high-
temperature quartz) occurs. After 1000◦C, a glass phase is

formed, in which part of the crystalline modifications SiO2

is dissolved.

The calcite content decreases monotonously from 15

to 0% after heating to 800◦C. This behavior of calcite

is not typical, since its decomposition is expected in

the temperature range from 800 to 950◦C. Probably, this

behavior of calcite can be explained by a strong deformation

of its crystal structure by isomorphic substitutions (for
example, Fe and Mn ions). The decomposition of calcite

results in the formation of the X-ray amorphous oxide

CaO [34]. The amorphization and decomposition of calcite

turn out to be the most significant effect of reduction of the

crystalline phase content.

Kaolinite and montmorillonite are contained in small

amounts; their content slightly decreases after annealing

at 800◦C. Both phases disappear as a result of heating to

1000◦C, which is also typical for these minerals [30].
Clinochlore remains stable at temperatures below 800◦C

and completely decomposes at 1000◦C, which is typical

for these minerals [35]. Microcline (potassium spar)
and muscovite are thermally stable at all temperatures
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Figure 4. The intensity of the diffraction maxima in the

NPC before (solid line) and after (dashed line) special sample

preparation; the interplane distances are indicated.
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temperatures.

considered. Their relative content decreased slightly at

1000◦C, since part of the phases amorphized and formed

a glass phase.

The volume fraction of such phases as corundum,

magnetite (hematite observed after 1000◦C) and rhodonite

does not change, which is typical for these crystalline

structures [36–38].
As shown by quantitative X-ray phase analysis, the

total volume of crystalline phases changes as a result of

heat treatment, decreasing by 22% after firing at 1000◦C.

Silicon dioxide modifications account for about half of the

crystalline phases, the relative content of which increases

with temperature, reaching a maximum at 800◦C. This

is attributable to the occurrence of a new polymorphic

modification of β-quartz. After annealing at 1000◦C quartz

and cristobalite, formed by the silica of the destroyed lattices

of clay minerals from the crystalline phases are present in

gross amounts similar to the results of [5].

2.5. Paramagnetic centers in the structure of NPC
components

Obtaining of information about the fine structural and

crystal chemical characteristics of minerals is an important

stage of the study of natural objects. The ESR method is

widely used to identify such structural features of minerals

as the nature of isomorphism, defects in the crystal struc-

ture. Free radicals, molecular ions and other paramagnetic

centers (PC) are suitable for the express analysis of the

mineral composition of some polycrystalline and finely

dispersed components of rocks [39]. The sensitivity of

the ESR method, depending on the type of paramagnetic

centers, reaches 0.08−0.10% in qualitative mineralogical

analysis. Narrow lines of paramagnetic defects in the

electronic structure such as localized unpaired electrons

and holes are often observed in the ESR spectra of

7∗ Technical Physics, 2024, Vol. 69, No. 1
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aluminosilicates in addition to metal ion lines. Both types

of centers such as electronic and hole centers have values

of g-factors which are close to g ≈ 2.00. Electron charged

centers are believed [40,41] to be characterized by the values

of g ≤ 2.00, and the hole centers are characterized by the

values of g ≥ 2.00, therefore, it is possible to accurately

determine their localization from the ESR spectra.

Fig. 6 shows the overview ESR spectra of NPC particles

in the initial state and after annealing at temperatures of

250, 620, 800 and 1000◦C.

The ESR spectrum of the initial sample contained one

broad (1B ≈ 45mT) low-field line with a g factor of about

4.0 and two satellite lines with g ≈ 5.327 and ≈ 3.917.

These lines are found in the ESR spectra of crystalline

and amorphous substances and are usually attributed to

ions Fe3+ in the aluminosilicate lattice. The line with

g ≈ 3.7 is associated with isomorphic processes in the

pair Fe3+ →Mg2+ [42] and therefore can be attributed to

clinochlore which is rich in similar isomorphic substitutions.

Spectroscopy of Fe2+ ions in natural crystals is represented

by only a small number of studies. In this case, the spin

states are singlet ones that are not registered by the standard

X-band equipment [43]. They are usually in tetrahedral

positions, replacing silicon ions.

The lines of Cu2+ ions are observed in the middle

magnetic fields. They are typical for axially symmetric

crystal fields (tetragonal or trigonal), where the ground

state is a spin doublet. Typical values: g II ≈ 2.3−2.4

and ≈ 2.0−2.2 [40]. Moreover, both the nuclei 63Si and

the nuclei 65Si have the spin 3/2, which results in the

formation of a four-line hyperfine structure. These 4 lines

were characterized by g-factors 2.4709, 2.4068, 2.3445 and

2.2319 with Acu ≈ 14.65 ± 0.1mT in our case. These ions

were located in the interlayer space of smectites, probably

montmorillonite in this case [44].
A broad intense line with g ≈ 2.10 was identified as a

ferromagnetic resonance line of magnetite particles [17]. It

1.13.4 1.7

g-factor
6.8 2.3 1.4

1000°C

800°C

620°C

250°С

25°С

Figure 6. Transformation of the ESR spectrum of a NPC sample

during high-temperature annealing.

was overlaid with sextets of an hyperfine structure caused

by isomorphic ions Mn2+, which substitute the main ions

in both octahedral sheets of smectites and calcite. The

sextet of the first type of Mn2+ is characterized by doublet

splits caused by interactions with OH groups with g-factor
equal to 1.9613 and AMn(I) ≈ 9.976mT. The sextet of the

second type of Mn2+ is not burdened with duplets, for

it g ≈ 1.9829, AMn(II) ≈ 9.756mT. This type of Mn2+ is

localized in calcite as a structural impurity based on the

substitution scheme Mn2+ →Ca2+. The basis for this

statement was the disappearance of this doublet after the

decomposition of carbonates in the NPC by hydrochloric

acid.

The lines with g = 2.0016 and 1.9789 are attributable

to electron-hole centers formed during isomorphic substi-

tutions of cations in the octahedral layer — these are the

centers of O−, which were stabilizers of Mg2+ → Al3+

substitution. They are relatively poorly related to the

structure of the mineral and served as indicators of the

influence of external influences on the structural ordering

of the mineral.

A narrow line with g ≈ 3.578 appeared at a low magnetic

field after annealing at 620◦C instead of a broad line

that existed up to high temperatures and with decreasing

width and amplitude, attributed to isomorphic substitution

of Fe3+ → Mg2+ in clinochlore.

Calcite decomposition at 800◦C resulted in the disap-

pearance of one of the sextets Mn2+ with large values of

g-factor and hyperfine constant AMn(II). The copper lines

disappeared along with the interlayer water of the smectites.

This annealing temperature ensured the appearance of a

narrow intense line Fe3+ in a strong magnetic field. The

manganese sextet with g ≈ 1.9668 and AMn(I) ≈ 8.974mT

has been preserved along with the smectites

The annealing at a temperature of 1000◦C practically did

not change the position, width or shape of the magnetic

resonance line Fe3+ with g ≈ 2.0. The overlapping line

with g ≈ 2.06 slightly expanded. Probably, the diffusion

of ions Mn2+ caused the formation of nonparamagnetic

clusters from the ions during the decomposition of mineral

lattices [45].
Therefore:

— there are two types of manganese sextets (isorphic ions in
calcite and smectites) in the initial ESR spectrum, a quartet

of ion lines Cu2+ and broad lines of Fe3+ with factors of

about 4.0 and 2.0;

— a narrow weak line with g ≈ 3.578 appeared after

heating to 620◦C, instead of a wide low-field line because

of isomorphic substitution of Fe3+ → Mg2+ (probably in

clinochlore). Although it decreased in width and amplitude,

it was observed at a temperature of up to 1000◦C;

— one of the sextets Mn2+ disappeared after 800◦C, but

a broad line with g ≈ 2.06 appeared. Calcite decomposed,

and its impurity manganese ions formed clusters;

— further heating resulted in the strengthening of broad

high-field lines of manganese and iron, and the disappear-

ance of the last sextet.
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The chromium and nickel lines are indistinguishable,

probably due to the low concentration of PC in the sample

(less than 0.05%). Titanium lines are also indistinguishable

due to the correct substitution of Si4+ → Ti4+ in the

tetrahedral layer [46].

Conclusion

A set of physico-chemical analysis methods has been

selected for the analysis of NPC to study the temperature

evolution of the phase composition and structural transfor-

mations of the crystalline components. None of the methods

is redundant in the case of the variable composition of

the components and their innate tendency to isomorphic

substitutions. The presence of ten crystalline phases was

found by IR spectroscopy and diffractometry methods in the

NPC (in descending order): α-quartz SiO2, calcite, kaolinite,

montmorillonite, microcline, muscovite, clinochlore, corun-

dum, magnetite, rhodonite. Impurity centers were found

to play an ambiguous role in the evolution of the natural

mineral structures, ensuring both stabilization of their crystal

lattices and distorting them due to the Jahn-Teller effect.

This is most likely for layered lattices containing octahedral

crystal cells with central impurity ions. The impurity

centers Fe3+ and Mn2+, which serve as labels of structural

transformations, were proved to form clusters with each

other as a result of the destruction of crystalline components

and become
”
invisible“ for spectral analysis methods, but

perhaps more accessible for external influences.
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