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THE CONNECTION OF CHEMICAL COMPOSITION AND PHYSICAL PROPERTIESIN
MOUNTAIN ROCKSOF THE EARTH'SCRUST AND MANTLE AND THEIR DYNAMIC
CHANGESUNDER DIFFERENT THERMOBARIC CONDITIONS

Determining the physical parameters of geomaterials under high temperature and pressure conditions is
necessary in connection with the fundamental issues of geology and geophysics. It is also aimed at solving
applied problems, such as establishing relationships between physical parameters and chemical components of
rocks under the earthly conditions of temperature and pressure. The purpose of the paper is to study the
peculiarities of the influence of chemical components on the elastic and density properties of igneous and
metamorphic rocks of the continental and oceanic lithosphere under high temperature and pressure conditions.
The elastic and density characteristics of the rocks of the continental and oceanic lithosphere were determined by
the ultrasonic pulse method. The experiments were carried out in a high-pressure solid-phase installation of a
cylinder-piston type. The technique provides for the simultaneous determination of the longitudinal and
transverse waves velocity and density in the course of one experiment on one rock sample at high temperature
and pressure conditions up to 1.5-2.0 GPa. Based on an experimental study of the elastic and density properties
of the rocks of the continental and oceanic lithosphere, the research revealed a qualitative connection between
these parameters and chemical composition of the samples under high temperature and pressure conditions. It is
first established that the studied rocks demonstrate regional dependence in the influence of oxides on the elastic
wave velocity and density magnitude. Therefore they increase with the growing pressure in some areas, and
decrease in others. This phenomenon is explained by the difference in the atomic structure of matter. It was
revealed that in the section of the lithosphere, the speed and density of elastic waves increase with depth.
Moreover, chemical composition of rocks changes from acid to medium, basic, and, finally, ultrabasic
composition. The relationship of the chemical composition of rocks and minerals with elastic and density
properties makes it possible to directly search for solid minerals.

Key words: ultrasonic pulse method; chemical components; velocity; longitudinal waves; transverse waves;
solid-phase installation; density.

Introduction existing in the earth [Volarovich, et al., 1974; Dortman,
1992, Physicochemical..., 1999]. The use of these links

Determination of physical parameters of geomate-
rials under high thermobaric conditions is necessary
both in connection with fundamental problems of
geology and geophysics. It is also important for solving
applied problems. The laboratory longitudinal and
transversal wave velocity measurements play a
significant role in lithology interpretation of the rocks
[Birch, 1960; Smorodinov, et al., 1970; Freund, 1992;
Boadu, 2000; Kahraman, & Yeken, 2008; Moradian,
Behnia, 2009, Khandelwal, & Ranjith, 2010; Kurtulus,
et al., 2015]. Rocks in the laboratory can be subjected
to various defined positions and their process and
mechanism can be examined in situ simulation
conditions. Applied questions of geology and
geophysics include the establishment of connections
between physical parameters and chemical components
of rocks under thermobaric conditions close to those
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opens up great opportunities for judging the patterns of
chemical elements distribution and their behavior in the
lithosphere. A comparative analysis evaluates the
validity of certain geophysical models and corrects
them. For this reason, when interpreting field and
laboratory observations, it is necessary to consider the
effects of geochemical rock components on the
physical properties, as well as planning the search and
discovery practice [Khandelwal, & Ranjith, 2010].

Purpose

The aim of the work is to study the peculiarities of
influence of chemical components on the elastic and
density properties of igneous and metamorphic rocks
of the continental and oceanic lithosphere under high
thermobaric conditions.
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Methodology

The procedure for measuring
elastic wave velocities and density

The experiments were carried out in a solid-phase
cylinder-piston unit [Volarovich, et al., 1974], using a
technique developed earlier by [Safarov, 1984, 2003].
This technique involves simultaneous determination of
the longitudinal and transverse wave velocity and
density in the course of one experiment on one rock
specimen at high thermobaric conditions. A distinctive
feature of the new design of the device is based on the
azimuthal dependence periodicity of the longitudinal —
P and transverse — S waves. This allows separating the
effects: periodic — anisotropy and chaotic — rock
heterogeneity. The velocities of longitudinal and
transverse waves in samples of rocks and minerals
were measured by ultrasonic pulse velocity method.
Piezoceramic sensors with a natural oscillation
frequency of 1 to 2 MHz are fixed to the polished
surfaces of the conical staples to pass ultrasonic waves
through the samples. The rock samples are prepared in
the form of cylinders with a length of 20 mm and a
diameter of 17.5 mm for the experiments.

The elastic waves velocities and density of the
samples are determined first at atmospheric pressure.
The samples are then placed in a lead sheath and
inserted into the cylindrical channel of the chamber
between the pistons. After compression in a high-
pressure chamber, the specimen with a sheath and
sealing rings constitutes a solid cylinder, completely
occupying the volume of the chamber channel
between the pistons. After the experiment, the sample
is carefully removed from the chamber and its length
is measured in the lead cladding. The relative error in
measuring the velocity of elastic waves under high-
pressure conditions does not exceed 1.2-1.8 %.

Results

The proposed work is devoted to the peculiarities
of the influence of chemical components on the
elastic and density properties of magmatic and
metamorphic rocks of the continental and oceanic
lithosphere under high thermobaric conditions. In
addition to serpentinization, there are a number of
other factors affecting the physical characteristics of
rocks, age and structure, under high thermobaric
conditions. Each one determines the appearance of the
desired parameters to some degree [Volarovich, et al.,
1974; Dortman, 1992; Physicochemical..., 1999]. One
of such factors is the chemical composition of rocks
[Safarov, 1984, 2003].

Studying the physical properties of rocks and
minerals shows that the chemical composition
influences the value of the elastic wave velocity and
density both at atmospheric and high thermobaric
conditions. It was noted earlier in [Volarovich, et al.,
1974; Safarov, 1984, 2011]. The research established
two types of dependencies between the velocity of
elastic waves and density, determined by the

difference in the atomic structure of the substance.
For the first type this dependence has the form
Vp=f(p), for the second type it is Vp=f(1/p). The first
type includes all the main rock-forming minerals,
consisting predominantly of elements with a structure
of the type SP (K; Na; Si, etc.). The velocity of elastic
waves and the density of these minerals depend
significantly on the magnitude of the atomic radii,
which mainly determine the packing density of atoms
in crystals, and their structures (with a subordinate
effect of the atomic mass). The second type includes
minerals and metals with a structure of type d, for
which the influence on the physical parameters of the
relative atomic mass (Fe, Co, U, magnetite, pyrite,
etc.) is significant. The second type is characterized
by a decrease in the velocity of elastic waves with
increasing density [Volarovich, et al., 1974; Dortman,
1992].

These types of bonds are preserved for such
multicomponent systems as rocks. But naturally they
are more complex. Depending on many other factors,
they are not always unambiguous, little investigated,
especially at high pressures [Safarov, 1984, 2003,
2011]. As shown by studies of the chemical
composition of the continental crust and upper mantle
[Lutz, 1975, 1980; Udovkina, 1985], during the
formation of the mantle, the substance underwent a
strong differentiation. When considering the data of
silicate analysis of rocks, the relationship between
their chemical composition and depth is traced. In the
crust, the content of silica, alumina and calcium
increases and the amount of magnesium, chromium,
nickel, cobalt and vanadium decreases. Comparison
of the average analyzes of the main representatives of
mantle rocks from small-albino alpinotypes to the
deepest garnet hyperbasites shows that they have a
close silicate composition. At the same time, the
distribution of chemical elements in the upper mantle
is also differentiated in depth.

Shallow alpine-type, medium-deep spinel and the
deepest pomegranate hyperbasites differ in their
chemical composition. Alpinotype hyperbasites
possess less silica than garnet, the amount of
aluminum decreases 1.5 times, and calcium — 2 times
mantle [Lutz, 1975, 1980]. There is a huge difference
in the distribution of alkaline earth, rare earth and
radioactive elements. Thus, when compared with
garnet peridotites in spinel hyperbasites, the principal
elements are reduced by a factor of 4, and in
alpinotypic hyperbasites by a factor of 10-30.

In the mantle, there is a consistent increase in the
content of CaO and Al,O3 from the shallow alpine-
type hyperbasites to the mid-deep spinel peridotites
and then to the deepest garnet peridotites containing
the maximum amount of alumina and lime. This
pattern for mantle rocks is well traced on the diagram
Al,0;-Ca0-MgO (Fig. 1).

It was of interest to consider the relationship
between the physical parameters of the rocks studied
by us from different regions (the Siberian Platform,
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the Tien Shan, the Urals, the Pacific, the Mediterra-
nean, the Talysh fold zone and others). The research
helped to observe a change in their chemical compo-
sition, in particular, the regularities in the distribution
of oxides under high thermobaric conditions.

Al.O,

CaO

60 70 80 90

Fig. 1. Ratio of Al,03 — CaO — MgO (mol %)
in mantious rocks and chondrites:
1 — Alpinotype hyperbasite; 2 — spinel peridotite; 3 —
garnet peridotite; 4 — mantle eclogite; 5 — Chondrite
[Lutz, 1975, 1980].

It is known that the main chemical components of
rocks are oxides of silicon, potassium, sodium, alu-
minum, calcium, magnesium and iron [Lutz, 1975,
1980; Azizbekov, et al., 1979; Mushkin, 1979;
Udovkina, 1985].

The ratio of the contents of these oxides largely
determines the elastic characteristics of geological
formations. The lowest velocity of elastic waves is
characterized by rocks enriched in oxides of silicon,
potassium, and sodium. With the increase in the
content of calcium, magnesium and iron oxides, rocks
become more high-velocity. However, the degree of
influence of these oxides on the velocity of elastic
waves and density in rocks is different and can be
divided into three groups. The first group includes the
rocks of the Talysh folded zone and the Tien Shan.

Figs. 2 and 3 show the dependence of the elastic
wave velocities as well as the density of the content
percentage of the chemical components (SiO,, Al,Os,
MgO, FeO, Fe,0,) in the rocks of the Talysh zone and
the Tien Shan at pressures up to 1.5-2.0 GPa. An
important factor in the evolution of the subalkaline
basal and ultrabasic complexes of the Talysh region is
the existence of temporary differences between them.
In the intrusive massifs of Talysh the corresponding
SiO, respiration is noted. The following sequence is
observed there: the subalkaline peridotite-subalkaline
gabbro, gabbrosienite; Al,O3z; N,O; K,0; CaO with
decreasing MgO; Fe,Os; FeO. Moreover, the subclaved
gabbro is not distinguished as an independent phase,
but as a transition between subalkaline peridotites and
gabbro-syenites [Azizbekov et al, 1979].

94

V,.km/sec

ALLO, MgO, Si0,. %
75 ;
55
P, gr/em?
‘%?
30 RO,
Ly 50 10/
29
28
6.5 455
27
26 -
6,0 : , 40 0

1 2 3 4 5

Fig. 2. Dependence of the longitudinal (Vp)
wave velocity and density (p) in samples of rocks
of the Talysh zone on the content of silica (SiO,),

alumina (Al,Os3), magnesium oxide (MgO), and
iron oxide (FeO) at a pressure of 1.5 GPa:
1 - trachiandesitis; 2 — trachydolerite; 3 — trachyba-
salts; 4 — gabbroids; 5 — ultrabasites.
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Fig. 3. Dependence of the longitudinal wave
velocity (Vp) and density (p) in samples of
mountain rocks of the Tien Shan on the content
of silica (SiO,), magnesium oxide (MgO),
aluminum oxide (Al,Os3) and iron oxide (FeO) at
a pressure of 2.0 GPa:

1 — graphite pyroxenites; 2 — bipyroxene gneisses; 3 —
olivine spinel pyritesenites; 4 — olivine pyroxenites;

5 — spinel pyroxenites.

Fig. 2 demonstrates different character of the
dependence of the longitudinal waves velocity and
density on the percentage of individual chemical
components of rocks in the Talysh zone at a pressure of
15 GPa. The longitudinal wave velocity in rocks
decreases with the growing concentrations of SiO, and
Al,Os and increases with the growing content of MgO.
The greatest influence on the elastic wave velocity and
density is done by changes in the content of aluminum
oxide. It demonstrates itself in the prevailing gradient
of the change in the velocity magnitude. However, as
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can be seen from these figures, the total content of iron
oxides FeO + Fe,0O3 has a predominant effect on the
density of rocks [Safarov, 2003].

Within the Southern Tien Shan along the zones of
deep faults, there are massifs of mafites and
ultramafites. They are regarded as derivatives of the
upper mantle and they are mainly represented by
olivine clinopyroxenites of poor A1,03, olivine-spinel
clinopyroxenites rich in Al1,0;, and less often
pomegranate clinopyroxenite [Mushkin (1979)].
Fig. 3 shows that the relationship between the values
of the velocities of elastic waves and the density of
the percentage of oxides at pressures of 2.0 GPa has a
different character for the rocks of the Tien Shan
(Safarov, 1984; 2003). In the pressure range up to
2.0 GPa, elastic waves and density in SiO, and Al,O;
rocks are decreasing and MgO content is increasing
with the increasing content. It can be seen from
Figs. 2 and 3 that the content of iron oxides in the
rocks provides the first type of velocity dependence
on the density, namely, V,=f(0). Consequently, with a
growth of iron oxides — FeO + Fe,0O; in the total
content, the magnitude of the elastic wave velocity
and density increases.

The second group includes mountain rocks of
ophiolite complexes of Cyprus and the Urals. Figs. 4
and 5 show the dependence of longitudinal and
transverse waves on the chemical composition of the
rocks in Cyprus and the Ural up to 1.5 GPa.
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Fig. 4. Dependence of Vp and Vswaves on silica
(SiOy), magnesium oxide (MgO) and calcium
oxide (CaO) contents at 1.5 GPa pressure
in rock samples in Cyprus:

1 — andesites; 2 — plagiogranites; 3 — basalts; 4 — tolies;

5 — amphibolites; 6 — gabroites; 7 — pyroxenitites.

It should be noted that an essential relationship
between the longitudinal (Vp) and transverse (Vo)
wave velocities towards decreasing or increasing

under high thermobaric conditions is established in
the investigated rocks of the Troodos Island. The
decrease in the velocity of longitudinal — Vp and
transverse — Vs waves in rocks is well correlated with
the change in the chemical component — SiO,. Rocks
with an increased content of SiO, in the sample are
accompanied by a decrease in the velocity of longi-
tudinal and transverse waves (Fig. 4).

Sufficiently high values of the longitudinal and
transverse wave velocities are characteristic of rocks
containing elevated components of MgO and CaO,
and high densities are characterized by an elevated
content in the FeO + Fe,05 sample [Safarov, 2003].

Discussion

It should be noted that the rocks of the Urals and
Cyprus have the same chemical components of the
samples and influence the magnitude and the density
of longitudinal — Vp and transverse — Vs waves. The
greatest effect on the magnitude of the elastic waves
velocity is caused by a change in the oxides content of
SiO,; MgO; CaO. The Urals samples were examined
with pressure in the order of increasing the
longitudinal velocities — Vp and transverse — Vs wa-
ves. Comparing them with the chemical composition,
it was found that an increase in the SiO, content in the
rock is accompanied by a decrease in the elastic wave
velocity and their increase with the growth in the
content of MgO and CaO (Fig. 5). The density rises
with increasing FeO + Fe,Os in the rock. The studied
rocks from these regions show that for iron oxide they
belong to the second type of dependence, i.e. when
the elastic wave velocity decreases and the density
increases [Safarov, 2003].
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Fig. 5. Dependence of Vr and Vswaves in the
Ural rocks on the content of silica (SiO,),
magnesium oxide (MgO) and calcium oxide
(CaO) at a pressure of 1.5 GPa:

1 - migmatites; 2 — amphibolites; 3 — eclogites;

4 — gabbroids; 5 — harzburgites.
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The third group includes mantle eclogites from
kimberlite pipes of Siberia and basaltoids of the
Philippine Sea. Figs. 6 and 7 illustrate dependences of
the longitudinal — Vp and transverse — Vs waves, as well
as the density of the chemical components of mantle
eclogites of Siberia and the basalts of the Philippine Sea
at a high pressure of 1.5-2.0 GPa. A chemical analysis
of mantle eclogites distinguishes two types of these
rocks: troctolitic and basaltic [Sobolev, V. S., &
Sobolev, N. V., 1964; Lutz, 1975; Udovkina, 1985].
Trocholite-type eclogites are close to different gabbros
and troctolites and have low alkalinity (Na up to 2 % by
weight), high magnesium (MgO/ZFeO>2) and a low
TiO, content of between 0.1 and 1 % by weight.

According to the composition, basaltic eclogites
are close to different basalts (plateau basalts, oceanic
basalts). Containing Na,O>2 weight %, are richer than
Ti,O — up to 7 weight % and less magnesian than the
trocholite type eclogites. As can be seen from Fig. 6,
the relationship between the values of the elastic wave
velocities and the density of the percentage of oxides
content for mantle eclogites is ambiguous. With an
increase in silica content — SiO,, the elastic wave
velocities Vp and Vs decrease. They are increased by
growing MgO and Al,O; content. Moreover, change
in the content — Al,O3, and transverse wave velocity
of MgO significantly affect the longitudinal waves
velocity magnitude [Safarov, 1984, 2003].
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Fig. 6. Dependence of waves and density-p in mantle eclogites of Yakutia on the content
of silica (SiO,), magnesium oxide (MgO), aluminum oxide (Al,O3) and iron oxide
(FeO + Fe,03) at 2.0 GPa pressure.

An analogous relationship between SiO, and MgO
with the density of rocks is observed. As for iron
oxides, as noted above, iron refers to the second type
of velocity vs. density, namely Vp=f(1/p). Conse-
quently, with growing FeO content, the velocity
decreases and the density increases. As can be seen
from the graph, the predominant effect on the increase
in density is exerted by the total content of FeO +
Fe,O5 [Safarov, 1984, 2003].

The investigated basalts were selected by dredging
in the Philippine Sea, at depths from 4150 to 7400 m.
Among the dredged rocks, the ferrous basalts and
andesite-basalts are shallow, and the vitrophilic and
plagioclase basalts are the most profound. It should be
noted that there is a direct decrease in the SiO,
content and an increase in the MgO content among
oceanic basalts from the shallow aether basalt to
plagioclase [Lutz, 1980].

Such a variation of the chemical composition in
the samples of basaltoids is associated with changes
of their origin in the depth. As for mantle eclogites,
reduced elastic wave velocities and densities are noted
with increasing content in rocks-SiO, (Fig. 7). With
an increase in the content in rocks — Al,O3; MgO and
FeO + Fe,03, the velocity and density increase, and
this connection is more unambiguous under pressure
[Safarov I. B. ,1984, 2003].
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Fig. 7. Dependence of the longitudinal velocity —
Vp of waves and density — p in the basaltoids of
the Philippine Sea from the content of silica
(SiOy), magnesium oxide (MgO), aluminum
oxide (Al,O3) and iron oxide content
(FeO + Fe,0s3) at a pressure of 1.5 GPa:

1 — aetherian balsalts; 2 — andesite-basalts; 3 — poly-
phyre basalts; 4 — glomeroporphyr basalts; 5 — meta-
basalts; 6 — vitrephire basalts; 7 — porphyryphanite

basalts; 8 — plagioclase basalts.
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One should pay attention to the difficulty in
elucidating the effect of FeO on rocks. When the
content of FeO is increased in the rock-forming
minerals, the velocities decrease. Then, in
determining the FeO effect on the velocity in rocks,
this pattern is not always obvious, and for certain
types of rocks it is reversed.

In general, the establishment of dependencies
between physical parameters and individual chemical
components of rocks under high thermobaric
conditions is important not only for explaining
physicochemical processes occurring in the Earth, but
also for predicting the material composition at great
depths.

Originality

This technique provides for the simultaneous
determination of the velocities of longitudinal and
transverse waves, as well as the density in the course
of one experiment on a single rock sample under high
temperature and pressure conditions. For the first time
it was proved that in oceanic basaltoid rocks, all the
elastic parameters (longitudinal and transverse wave
velocity and density) and the content of oxides (FeO +
Fe203), Al,O3, MgO increase simultaneously.

Practical significance

The relationship of the chemical composition of
rocks and minerals with elastic density properties
makes it possible to directly search for solid minerals.
This also allows you to specify the material compo-
sition of the mantle and lithosphere.

Conclusions

1. On the basis of an experimental study of the
elastic and density properties of rocks of the continental
and oceanic lithosphere, a qualitative relationship
between these parameters and their chemical com-
position was revealed under high thermobaric con-
ditions.

2. The study revealed that, in the lithospheric
section, the elastic wave velocity and density increase
with depth, changing the chemical composition of
rocks: from acidic to medium, basic and ultrabasic
composition.

3. It has been established that in the studied rocks
the effect of oxides on the elastic wave velocity and
density magnitude depends on the regions; therefore,
with the growing pressure in some areas, they
increase, and in others they decrease. This
phenomenon is explained by the difference in the
atomic structure of matter.
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3B’ 30K XIMIYHOI'O CKJIAJZY 1 ®I3UYHMX BJIACTUBOCTENM I'PCHKUX ITOPIJT KOPU
I MAHTII 3EMJII TA X JIMHAMIYHI 3MIHU B PI3HUX TEPMOBAPUYHUX YMOBAX

Busnagatu (i3uyHi mapameTpu reoMaTepianiB y BUCOKHX TEPMOOApUYHHX YMOBAaxX HEOOXiTHO B 3B’S3KY 3
(dbyHAaMEHTAIBHUMH TIPOOJIeMaMK reosiorii 1 reodi3uky, a TakoX il BHPIIICHHS NPUKIAJAHUX 3aBAaHb, e
0COOJINBO BaXXJTUBHM € BCTAHOBJICHHS 3B’S3KIB MK (DI3MYHUMH NapamMeTpamMH 1 XiMIYHUMU KOMIIOHEHTaMH
TIpChbKHUX TOPiJ y TepMOOApUYHHMX YMOBaX, ONM3bKHX J0 YMOB B Hajpax 3emii. MeToro poOOTH € BHBYECHHS
0COOJIMBOCTEW BIUIMBY XIMIYHMX KOMIIOHEHTIB Ha MPYXHI W I'YCTHHHI BJIACTUBOCTI MarMaTHYHHUX 1 MeTamop-
(IYHUX TOPiJ KOHTHMHEHTAIFHOI Ta OKEaHI4HOi JiTocepu 3a BHCOKHX TepMoOapuyHUX yMoB. [IpyxkHi it ryc-
THHHI XapaKTePUCTHKH HOPiJ] KOHTHHEHTAJIBHOI Ta OKEaHI4YHOI JIITOC(EepH BU3HAYCHO yIbTPa3BYKOBUM IMITYJIbC-
HUM METOAOM. EKCIepuMeHTH NpOBOAWIIMCA B TBepHO(a3Hiil yCTaHOBII BHCOKOTO THUCKY THIY LMIIHID-
MOpLICHb 32 METOJMKON, fKa Iependadyac OIHOYACHE BH3HAYCHHS HIBUAKOCTEH IO3IOBXKHIX 1 MOMEPEYHUX
XBHJIb, @ TAKOXK T'YCTHHH i/l 4aC OJJHOTO JOCIITY Ha OJHOMY 3pa3Ky TipCBKHX IOPiJ Y BUCOKHX TePMOOAPHIHUX
pexxumax 10 1,5-2,0 T'Tla. Ha mifcraBi eKClepUMEHTAJIBHOTO AOCIIKEHHS MPYXHUX 1 TYCTHHHUX BIIACTH-
BOCTEH IMOpiJ KOHTHHEHTAIbHOI i OKeaHIYHOi JiToc(epr BUABICHO AKICHUH 3B 30K MK IIMMH MTapaMeTpamH i
XIMIYHUM CKJIQZIOM 3pa3KiB B yMOBaxXx BHCOKHX TE€PMOOApHYHMX pEXHMiB. Brepmie BCTaHOBIEHO, IO B
JOCITI/DKEHUX TIPCHKUX MOPOJaxX BIUIMB OKCHIIB Ha NIBUAKOCTI MPYKHUX XBWJIb, & TAKOXK HA T'YCTUHU 3aJIEKHUTh
BiJl perioHIB, TOMY 3 IiJBHIICHHIM THUCKY B OJJHUX palilOHaX BOHHW 30UIBIIYIOTHCS, @ B IHIIUX — 3HHXKYIOTHCS.
Take sBHUIINE MOSCHIOETHCSA BIIMIHHICTIO B aTOMHIN OyJ0BiI pevoBHHH. BusiBiieHO, 1m0 B po3pisi Jitochepu
LIBUIKOCTI MPY’KHUX XBUJIb 1 T'YCTHHA 3 TIIMOMHOIO 3POCTAIOTh 31 3MIHOIO XIMIYHOTO CKJIJy TIPCHKUX MOPiA: BifJ
KHCJIOTO CKJIaJy JI0 CEpEeTHbOTO, 10 OCHOBHOTO, 1 HApeIlTi, yJIbTPA0CHOBHOIO CKJIay. B3aeM03B’ 430K XiMiuHOTO
CKJIJly TIPCHKHX IOpiJA 1 MiHepasiB 3 MPY>KHUMH 1 TYCTUHHUMH BJIIACTHBOCTSIMH YMOXJIMBIIIOE NPSIMHUIA TTOIIYK
TBEPIUX KOPHCHHX KOTAJIHH.
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