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ABSTRACT

The genesis of stratiform deposits of lead and barite in sedimentary rocks is of great interest
from the point of view of replenishing reserves of polymetallic ores. The aim of the work is to
establish the regularity of the hydrogenic formation of ores in limestones, taking into account
the influence of the nanosurface of pores and cracks based on a mathematical model of the
movement and characteristics of ore-bearing solutions in the pores. The thicknesses of the
surface layer of limestones and minerals included in the ore-containing strata and sulfide
minerals are calculated. The results indicate that they are nanostructures with special physical
properties different from the rest of the substance, which is confirmed by the regularity of the
formation of a heavy sulfur isotope in ores of various textural types. The influence of
hydrotherms with different densities, kinematic viscosity, and velocity on the intensity of
mineralization formation in cracks and pores of limestone, as well as the occurrence of new
feathering cracks around the fractures of dismemberment, is estimated. The dependence of the
hydrothermal flow density on the diffusion of the liquid is established. The equation of kinematic
viscosity is derived from the pressure in the solution flow, the velocity of its movement, the mass
of particles of ore-forming elements, and sulfur isotopes under thermodynamic conditions of
determined Gibbs energies. The relationship of the viscosity of the solution with the surface
tension of the nanolayer of limestone particles in cracks and pores is shown, indicating that the
greater this energy, the greater the velocity of movement of ore-forming solutions, the fewer
branches of newly formed cracks around the dissection crack. The mathematical model is
applicable for the numerical analysis of the regularity of mineralization in cracks, taking into
account the influence of the nanostructural layer of cracks and pores of limestone in the
thermodynamic conditions of the occurrence of an ore-bearing formation.
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Introduction

in their formation (Kislyakov and Shchetochkin,

A large number of works have been dealing 2000; Hanor, 2000; Robb, 2005; Hein et al., 2007;
with the genesis of barite, lead, and zinc deposits in ~ Wilkinson, 2014; Elswick and Maynard, 2014;

sedimentary complexes and

areas, and the Emsbo et al.,, 2016; Cansu and Ozturk, 2020;

participation of generating hydrothermal systems  Smirnov, 1970; Baibatsha, 2012).
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The main hypotheses regarding the genesis of
barite lead-and-zinc deposits of the Atasu ore
district and the Uspenskaya shear zone are
described in a lot of works (Shcherba, 1964, 1967;
Rozhnov, 1967, 1982; Kayupova, 1974; Buzmakov
et al.,, 1975; Mitryaeva, 1979; Weimarn, 1982;
Kalinin, 1982, 1985; Kalinin et al., 1984;
Skripchenko, 1989; Varentsov et al., 1993).
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Figure 1 — Geological map of the Ushkatyn ore field
(with simplifications).
1 — grey organogenic-detritus limestones, wavy-layered
(C1ta); 2-5 —the pack is red-colored (Dsfmab):
2 —riphogenic organogenic-algal limestones,
3 — organogenic-detrital thin-layered limestones,
4 — barite-lead ores, 5 — ron and manganese ores;
6 — the pack is gray-colored (Dsfmza): organogenic-
detrital lenticular-layered limestones;

7 —the pack is flishoid (Dszfm1): rhythmic alternation of
organogenic-detrital limestones, calcareous sandstones,
and carbonaceous clay-siliceous-carbonate pelites;

8 —the pack is rhythmically layered (Dsfma): alternation
of clay-siliceous-carbonate rocks with massive and
ribbon-layered texture;

9 —the pack is intemperately layered (Dsfma): siliceous
limestones, clay-carbonate rocks, shell rocks;

10 — The Darya formation (Dsfr): polymictic siltstones
and sandstones;

11 —trachyriolites; 12 — faults.

The aim of this work is to study the regularities
of the surface nanolayer of cracks and pores of ore-
bearing limestones’ effect on the formation of
mineralization, taking into account textural factors
and physical characteristics of aqueous solutions of
hydrotherms.

The Ushkatyn Il deposit was discovered in 1963
by V.Ya. Sereda when checking gravity anomalies
identified by the Agadyr GRE.

Stratiform ore deposits are complex: iron-
manganese and barite-lead bodies located on the
wings of brachyform and box-like synclines lie in
the section together with the enclosing deep-sea
deposits of the Lower and Middle Famenian,
participating in complex folding (Figure 1) [1].

They were formed in the active zone of seabed
extension of the paleoriftogenic basin, along
stepped normal faults and flexure-like bends, in the
area of transition of deep-water Famennian facies
to shallow-water facies.

A.N. Brusnitsyn [2] proposed a model of the
formation of the Ushkatyn Il deposit, in which
barite-galena, iron, and manganese ores are the
products of the development of a single
hydrothermal system that developed in a thick
sedimentary stratum. Barite-galena ores were
formed near the surface of the seabed during the
discharge of hydrothermal solutions in the inner
zones of the still-forming reef. The ore matter
deposited in the mixing area of hydrothermal
solutions bearing Ba, Pb, Zn, Fe, Mn, and other
elements filled the porous and fissure space of the
reef, where the bacterial reduction of the sulfate
ion of seawater to hydrogen sulfide took place.
When hydrothermal fluid seeped through the reef,
Ba and Pb deposited in it in the form of barite and
galena, while Zn, Fe, and Mn remained in solution,
which subsequently precipitated in the oxide form:
Fe on the surface of the reef or at some distance
from it, and Mn at a considerable distance. Zinc
dissipated in the surrounding space without
forming ore accumulations [3].

Iron and manganese, barite-galena ores of the
Ushkatyn 1l ore deposit were formed as
hydrothermal, superimposed on sedimentary rocks,
simultaneously but in different parts of the sea
basin [[4], [5]]. Thus, barite-galena ores are
identified inside the carbonate structures of the
coastal reef, while iron and manganese ores are
identified on the bottom surface at some distance
from the coast [6].

The difference between barite-galena ores of
the Ushkatyn Il deposit and other deposits is their
low zinc content (Zn: Pb from 1:50 to 1:3000). The
enclosing rocks of the barite-galena deposit are
reef organogenic-algal limestones with the
pronounced rhythmically banded structure, the
average size of ore minerals is 20—-30 um, less often
100-500 pum [3].

Gray limestones are composed of a
homogeneous mass of microgranular calcite
(micrite), in which rounded or elongated lumpy-
clotty segregations 0.1-0.2 mm in size are observed.
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The texture of these limestones is massive,
indistinctly layered, and lenticular-layered, caused
by layers of siltstone [6]. Red and greenish-gray
limestones contain tiny inclusions of hematite and
siltstone with a large number of micropores.

The microgranular structure of limestones and
good preservation of relics of microorganisms
indicate the absence of the metamorphism effect.

The texture of ores is as follows: layered-
banded, nest-like-latticed and continuous spotty,
less often brecciated, breccia and vein textures.
Barite, galena, and other minerals in banded
textures develop along silty layers in limestones,
filling the pore space. In the silty layers, there is a
partial dissolution of calcite with rare formation of
flattened-elongated caverns filled with ore minerals
[7]. In all the textural varieties of ores, fine-grained
structures predominate, with complex, not always
unambiguously interpreted age relationships
between minerals.

In works [[3], [6]], there are given the values of
53%S in sulfide concentrate, which consists mainly of
galena, the concentration of the “heavy” isotope
varies from —25.7 to —12.6%o, and in barite, from
10.9 to 15.3%o (Table 1). According to these data
there has been built a dependency (Figure 2). Ore
minerals are characterized by a very different
isotopic comsposition of sulfur: galena is enriched
in the light isotope 3?S, and barite is enriched by the
heavy isotope )S. In the modern ocean, the value
of 6*S averages 21%o [6]; in the water of the Late
Devonian ocean, this value was 25-30%o. This
indicates the formation of barite with participation
of isotopically heavy sulfur dissolved in seawater
sulfate ions. Sulfides were formed with
participation of hydrogen sulfide enriched in the
light isotope %S, which was formed at the stage of
early diagenesis of sediments in the course of
bacterial sulfate reduction [[7], [8]]. The processes
of separation of sulfur isotopes in sediments
containing organic matter are described in the work
[9].

In work [3], the main signs of barite-galena ores
formation in near-surface conditions during the
formation of reef deposits are defined: a narrow
stratigraphic range and stratiform type of ore-
bearing deposit (as well as confinement);
connection of ore bodies with consed mentation
faults, which is confirmed by the absence of veinlet
and other mineralization in the areas of late
tectonic faults; the formation of textures and
structures of ores is characteristic of incompletely
consolidated ore-bearing carbonates; the isotopic

composition of sulfur, carbon, and oxygen is
characteristic of the joint participation in the
formation of barite, sulfides, and carbonates.

A feature of the sedimentary stratum structure
of the Ushkatyn Il deposit is the transition of
coastal facies to shelf facies, with lateral zonality of
deposits of the same age with the replacement of
the reef complex enclosing barite-galena ores with
a bed of layered limestones containing layers of
iron and manganese ores [[5], [6]].

The uniform distribution of trace elements (and
accordingly a lot of accessory minerals) in the
groundmass of the rocks indicates their
simultaneous accumulation with the formation of
ore-bearing deposits [3].

As a result of these processes, the newly
formed hydrogen sulfide concentrates
predominantly the light 32S isotope, while the
residual sulfate ion concentrates the heavy 3*S one.
In a closed system with respect to the marine
sulfate ion (that is, the access of SO4* to the
sediment is limited), as it is exhausted in the pore
solution, the &3S values of both residual sulfate
and hydrogen sulfide increase. If the system is
open, then the concentration of 6%*S sulfate
changes little compared to seawater and the
concentration of hydrogen sulfide decreases
markedly. The difference 63* — 83 SHS can reach
more than 40 %o [[9], [10], [11], [12]].

Experimental part

The results of determining the isotopic
composition of sulfur in sulfides of ores, together
with the isotope-geochemical characteristics of
carbon and oxygen, made it possible for A.l
Brusnitsyn to develop models of the Ushkatyn IlI
barite-galena deposit formation in the carbonate-
reef structure [6]. Deposits of ore minerals
occurred as a result of decreasing the temperature
of hydrothermal solutions that entered the near-
surface zones; increasing pH (due to oxygen
dissolved in seawater); the appearance of SO?% (in
the composition of seawater); changes in the
H,S/HS  ratio in pore water (during bacterial sulfate
reduction). Barium and lead precipitated
immediately upon the appearance of a sulfate ion
in solutions and at very acidic concentrations of
hydrogen sulfide and oxygen [[13], [14], [15]].

One of the additional reasons for the formation
of mineralization in porous limestones, in the
authors’ opinion, is the nanostructure of the
enclosing rock surface layer effect.
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To study this, the results of studies are used
that are reflected in the correlation field linking the
concentration of 6*Surige With the ore textures of
the Ushkatyn Il deposit (Figure 2, Table 1), (the
concentrations are given relative to the meteorite
standard).

Table 1 — 53*Ssurice cOmposition, %, in the galena of the
Ushkatyn Il deposit ores [2]

No. layered- nest-like- continuous
banded latticed spotty
Ush 3- Ush Ush Ush Ush 319-514
2 3-17 3-12 318-
153
1 -16.7 | -13.7 | -22.5 -17.1 -25.7
2 - -12.7 -16.1 -21.3
3 - -12.8 -17.4 -22.2
4 - -19.9 -20.8
5 -19.0
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Figure 2 — Correlation fields of the §>*Ssuifie
concentration the texture of barite-galena ores of the
Ushkatyn Il deposit.

It can be seen in Table 1 that for the
layered-banded texture, the values of &*Sguie
range from -12.6 to -16.7; for nest-like-latticed
texture from -16.2 to -22.2; and for continuous
spotty it is -25.7.

Let us consider this pattern from the point of
view of the nanostructured surface layer of porous
and fractured limestones effect in which barite-lead
mineralization is formed.

Classification of pores according to their radius
is given in the work by M.N. Dubinin, 1980. These
are macropores r > 100-200 nm; mesopores - 1.5-
2.0 < r < 100-200 nm, micropores — r < 1.5-1.6. The
latter are divided into ultramicropores r < 0.6-0.7
nm and supermicropores 0.6-0.7 < r < 1.5-1.6.
Limestones are mainly represented by mesopores.
Theoretically, in a layer consisting of one-

dimensional spherical particles, the average pore
size will be equal to the size of the empty space
formed with a single-layer staggered arrangement
of three spheres. In this case, the pore radius is
r =0,154-d(l) = 30.6 nm, which corresponds to
mesopores. Non-metamorphosed limestones have
the highest specific surface area, and limestones
with a medium degree of metamorphism have the
smallest specific surface area. For the ideal case,
spherical particles of the same diameterd(l),

specific surface area S,
expression:

are given by the

Ssp: 6/pd(|) (1)
where p is the limestone density.

The concentrating of ore elements and &3*Sguifige
in limestones is caused by the leading role of the
hydrogenic mechanism. Regardless of the source of
53%Ssuifide €ntering the basin, under conditions of the
high specific surface area of limestones, ore
elements, mainly lead and 83*Ssufige, pass into the
mobile form in the groundmass and eventually
accumulate in the organic matter.

To assess the surface layer of limestones effect
on the formation of mineralization, let us consider
the mesostructures of this layer.

Mesoscopic physics or mesoscopics (MS)
studies the physical properties of small size
particles, the systems with sizes larger than atomic
ones whose characteristics depend on the particle
size, i.e. it is an intermediate layer between micro-
and macrophysics. Characteristic of MS is the size
and the number of particles in the sample.
Mesoscopic bodies are those whose properties are
determined by the behavior of one microscopic
particle.

Let us consider the substance, including
limestones, in the composition of the surface layer
d(l )and the d(ll) layer. To calculate the thickness

of the surface layer d(!) in work [15], for framework
hydrocarbons, the relation is given:

d(I) = 0,17 X 10~ %v(m) (2)

It follows from equation (2) that the thickness
of the surface layer d(l) is determined by the molar
(atomic) volume of the element (v = M/p, where
M is the molar mass g/mol), p is density (g/cm3)).

To determine the surface energy (o) there is
used the empirical dependence [13]:
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where T is the temperature of the massive

sample melting without considering the surface and
transition layers [16].

The surface layer d(l) is a nanostructure (Table
2), where the first kind size effects are observed,
determined by the entire group of atoms in the
system, which are inherent only to nanoparticles
and nanostructures [17]. In this d(l) layer, there
occurs reconstruction and relaxation with atoms
associated with rearrangement of the surface layer
([18], [19]].

In the d(l) layer, all physical parameters are
subject to size effects, including the surface energy.
A.l. Russanov, 1967, p. 190, shows that equation
(VII1.55) is valid in the case of small radii of
curvature, when r = d(l)), and that its value depends
linearly on the h size:

oc=K-d(I), (4)

where K is the coefficient of proportionality
that depends on the temperature and the phase
composition.

The d (1) layer extends approximately to the
size of d (II ) ~9d =d_ [[15], [16]]. From this size,

dimensional properties begin that are called the
second kind size effects. This size for
nanostructures is associated with a certain critical
parameter: the mean free path of carriers in
transition phenomena, the dimensions of domain
walls, the diameter of the Frank-Read loop for
dislocation glide, and so on [19]. Some of the
effects, such as the surface energy, are constant.

According to formulas (1) and (3), there is
determined the thickness and the surface energy of
a number of sulfides and oxides (Table 2).

Calcium oxide which is a part of limestone
(CaCOs), has the surface layer thickness d(l) =
16.64 nm. The surface layer of limestones, in terms
of particle size and distance between them, is
included in the mesoscopic system of bodies (MS)
and can be considered as a subsystem of a large
closed system. These particles are characterized by
the manifestation of quantum properties

determined by the phase coherence length (hq))

that can vary over a wide range. In MS always h¢ <

10° m = 1 micron.

Table 2 — The surface energy and the thickness of the Ba,
Pb, Zn sulfides and Ca, Ba oxides surface

)
— > £
-g = % o g 8 c
S D 1 vy
£ s = 2 =
§ |°= =2 |5 -
_C L
|_
sulfides
BaS 0.385 169.40 | 4.25 39.86 39.86
PbS 0.195 239.96 | 7.60 31.49 31.48
ZnS 0.240 97.44 4.09 23.83 23.82
oxides
CaO | 0.436 56.08 3.37 16.64 16.64
BaO | 0.389 153.34 | 5.72 26.81 28.81
It is known that the physical quantities

characterizing the subsystem fluctuate, exchanging
energy and particles with the environment [20].

In work [21], a model was proposed according
to which the nano- and mesophases existing in the
surface layers of crystals regulate the relationship
between the crystal and the medium, selectively
interacting with the substance-carrying complexes
and reducing the probability of their “wrong”
unloading. Continuously moving into the bulk of the
crystal, by means of a solid-phase transformation,
nano- and mesophases drop these elements into
defective areas of mating with the matrix, where
they form their own phases of micron or meso
sizes. This fact is the reason for changing 83*Ssurfige
from the textural features of ores, the basis of
which is  their formation in limestone
nanostructures, cracks, and pores.

It was shown in works [[15], [19]] that for nano-
and mesostructures the size effects take the form:

A(r) = A, (L—d(1yr), r >> d(1),
A = A (L—dyd@)+1), 0 <r <d(t).
Here A(r) is a variable physical property
depending on the particle size (r) of the surface
nanolayer with the thickness of d(l), A, is the
physical property of the massive sample.
In the Iayerd(l), all

nanoluminophores [16], which can be considered
as sensitive molecular probes for studying the

elements are
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structure, including limestones. Small changes in
the local structure in the layer d(l) lead to

significant changing the characteristics of the layer,
which follows from formula (5); for this, instead of
A(r), it is necessary to use the amount of ore

elements, including the sulfur isotope [[22], [23]].

The following models are used to describe the
mesostructure of porous bodies: a lattice; a
percolation; a capillary; fractal ones. Let us consider
the relationship between fractality and the
thickness of the surface layer of limestones.

It is known [24] that the sizes of geomaterials
and elements blocks of the earth's crust are not
arbitrary but make a certain discrete series in which
the ratio of the block sizes of the n-th order to the
size of neighboring blocks of the order (n+1) and
(n—1) satisfies some fundamental ratio: the
universal principle of material divisibility during
destruction:

Ly/l, = A=2,618~3, (6)

where A is an ideal size ratio.
To determine the sides of the corresponding

block sizes Ln in the hierarchy of scales, there is
used the relationship [25]:

n-11
B (2—6)-10[ 2 ] forn=2k-1, o)

n n-10

(1-2).10(2] for n = 2k.

Here K is an integer that changes from 1 to 9;
is a characteristic siz of the block of the N

L,
order.

The limestone surface layer thickness that
mainly consists of CaO (Table 2), is 16.64 nm, which
relates this layer to a nanostructure [24].

The established regularities that connect the
difference in the concentration of &*Ssufige With
textural factors indicate that one of the influencing
factors of the heavy sulfur isotope mineralization
and concentration is the effect of nanostructures
and of pores and cracks that arise during the
division of geomaterials. These factors explain the
formation of stratiform deposits of lead-and-zinc
mineralization with carbonate orogenic structures.

It should be noted that the impurities
adsorption (including 6**Saurige) is developed in the
mesoporous structure of limestone due to the
formation of adsorption layers on the surface of
these mesopores, which lead to the volumetric

filling of these pores by the mechanism of capillary
condensation that is described by the Kelvin
equation [[25], [26]].

Let's consider the model of the hydro-therm
movement in a fractured medium, in this case
limestone, which is an aqueous solution with ore-
forming elements, sulfur isotopes, and other
components thereof.

To solve the problem, there is used the level of
movement of an aqueous solution with the density
J(r,z,t), which moves according to the 6(t)
dependence in a crack of radius r, length L, in the
direction z, with the use of the diffusion equation:

oAzt azf(r,z,t)+l.a(raf(r,z,t)j
ot oz° roor or ' @)

where a? = D is the coefficient of the solution
diffusion.

The solution of equation (8) is given in work
[14]. Denoting the flow density f(r,z,t) by p (r, z, t),
at z = vt, where v is the speed of the flow at the
point z at the instant of time t and assuming the
movement of the phase separation as automodel
B6(t) = 60t, there is used the asymptotic
representation of Bessel functions and obtained:

D¥? [L 1
r,zt)= —- .
Al ) 7 \Nr v gt

Assuming that the speed of solution movement
(z,t) depends only on the hydrothermal solution p
density, and if the crack is not filled with solution (p
= 0), then the solution moves in it with the
maximum speed U = U max, and when the crack is
filled, the speed of solution movement in the crack
falls to a complete stop (v = 0), when p = pmax.

(9)

(10)

If to assume in equation (10) that under the
density of the liquid flow there is taken the degree
of deposition of metals from the solution, the
isotope of sulfur and other elements, and under the
speed of the flow is taken as the speed of their
deposition (that is proportional to the diffusion
coefficient D), there are obtained the experimental
regularities presented in work [27] that reflect
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equations (9, 10) obtained in this work. Thus,
formula (9) shows a significant dependence of the
solution flow density on the diffusion coefficient,
i.e. its rheology. According to the Newton's classical
theory, it is equal to D = v, where v is the kinematic
coefficient of viscosity [19]. Let's consider the
solution viscosity from the position of the
thermodynamic approach, determine the kinematic
viscosity v using the response function [15], then
the kinematic viscosity v is determined as follows:

KT W —
V=—:—5" N, (12)
C GCM
where NKT =pV=(V=1)=p is pressure in the
solution flow; W is kinetic energy of the solution
is Gibbs

energy of the solution; m is the particle mass, v is
their speed, ¢ = const. Taking into account that

G’ = 065, where S is the unit area of the

cm

particles (molecules) (W=muv?%/2), G?

CcM

nanolayer surface, there is obtained the equation
of the relationship between the solution viscosity
and the surface tension o of the nanoparticles of
the surface layer of the crack in limestone:

1
v==P mu. (12)
c 20S
It follows from equation (12) that the
hydrothermal flow in limestone cracks is

proportional to its surface energy o. The validity of
the relation D =v ~ 1/0 is obvious.

Let's consider a model of the crock formation in
limestone. It should be noted that hydrothermal
solutions that move along the existing cracks (open
porosity of the layer, stress cracks, crack formation
in a nanolayer of limestone, etc.) form new cracks
under the action of pressure, temperature, capillary
forces, dissolution of calcite, and at low values of
the movement speed, the hydrothermal branching
of small cracks, along the characteristic length of
the cracks is maximal. With increasing pressure,
one crack is practically formed with small branching
of small feathering cracks having the critical radius
re [21] that can be determined by the expression:

20V 4o-V
rk = = >
RT mo

(13)

where o is the surface energy of the capillary
material, in this case limestone, V is the molar

volume, R is the universal gas constant, T is
temperature.

Equation (13) makes it possible to estimate the
critical hydrothermal flow velocity v using the
fracture and fluid characteristics. Using (13), a
formula was obtained for calculating the number of
cracks N per unit area of limestone:

N = L In(l—z—a)
k,In2 v

where kg is the Boltzmann constant. The
product kgln; is the energy equivalent of one unit of
information.

The number of cracks per unit area of a
limestone layer cannot be arbitrarily large and it is
proportional to its porosity that is in turn
determined by the principles of the closest packing
of limestone particles.

(14)

7

Discussion of the results

The established pattern of changes in the heavy
isotope of sulfur 6**Sgurige from the texture of
barite-galena ores in limestones indicates a
possible reason for the formation of mineralization
in porous limestones due to the effect of their
surface nanolayer. With the leading role of the
heterogeneous mechanism of ore formation and
heavy sulfur isotope formation in ores and their
replenishment in the organic matter, an important
role is played by a high specific surface of the
nanolayer of ore-bearing limestones. It is shown
that the thickness d(l) of the surface layer is

determined by one fundamental parameter: the
molar (atomic) volume, and the surface energy of
the limestone nanolayer is determined by the
Tolman temperature. It determines the continuous
transition into the bulk of the substance of the
elements formed on the surface layer in its
defective areas, forming the actual ore phases and
the heavy isotope of sulfide sulfur associated with
them, which is determined by equation (5).

The effect of pressure and temperature of
hydrothermal ore-forming solutions in the
mesostructures of porous limestones leads to the
formation of crack development that obeys the
principle of material divisibility and forms
additional conditions for mineralization in these
formed layer cracks.

The model of hydrothermal solution movement
in a crack coincides quite well with the well-known
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model presented in the work by V.S. Golubev
(reports of the Academy of Sciences of the USSR,
1978, Vol. 238, No. 6. P. 1318-1320), taking into
account the fact that in this case the velocity of the
solution is associated with the density of the
solution, and in the mentioned work, the liquid
density is associated with the liquid filtration
through a porous medium. The established
relationship between the fluid flow density and the
diffusion coefficient made it possible to establish
the relationship between the kinematic viscosity of
the hydro-therm and the surface tension of the
crack surface layer along which the fluid moves. It is
the higher, the lower the kinematic viscosity, all the
other things being equal. The critical velocity of the
hydro-therm movement through the crack is
determined. Using this regularity, the regularity of
the number of cracks per unit area of limestone is
obtained. It is determined by the surface energy
and kinematic viscosity of the solution. From this it
follows that the number of cracks is related to the
porosity of limestone through the surface energy of
these pores.

Conclusions
There was established the dependence of the

flux density of the hydrothermal solution on its
diffusion; the relationship between kinematic

viscosity and pressure in the solution flow, the
velocity, the mass of particles, and the Gibbs
energy of the mixture were obtained; the
relationship between the viscosity of the solution
and the surface tension of the limestone particles
nanolayer was obtained; the critical radius of crack
formation was determined. The resulting constraint
equations are applicable for the numerical analysis
in order to assess the effect of ore-bearing hydro-
therms on ore deposition processes and to evaluate
the efficiency of crack formation and their role in
ore deposition, taking into account kinematic
viscosity under thermodynamic conditions of the
ore-bearing limestone horizon occurrence.
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TYRIHAEME
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LeriHAi KbiHbICTapAafbl KOpFacbiH, 6apuT cTpatmdopmabl KeH OpbIHAAPbLIHbIH, FeHe3uci
NONIMMETANN KEeHOEPiIHIH, KOPbIH TOMbIKTbIPY TYPFbICbIHAH YAKEH KbI3bIFYLIbIIbIK TyAblpazbl.
KYMBbICTbIH, MaKcaTbl-KeyeKTepaeri KeH epiTiHAiNepiHiH, KO3FaNbICbIHbIH MaTeMaTUKablK Moaeni
MeH CMnaTTamanapblHa HerisgenreH KeyekTep MeH KapblKTapablH, HaHO BeTiHiH, acepiH eckepe
OTbIPbIN, AKTAcTapAa KeHAEPAiH r'MAPOreH K Ty3iny 3aHAbINbIFbIH aHbIKTAY. KeHHiH KanbIHAbIFbI
MeH cynbGUATI MUHepanAapAblH, KypamblHa KipeTiH oKTacTap MeH MUHepangapablH, 6eTi
KabaTbIHbIH, Ka/NblHAbIFbI ecenTenreH. HaTukenep onapablH, 3aTTbiH, KanfaH 6eniriHeH epekue,
dU3MKanbik KacveTTepi 6ap HAHOKYpPbIAbIMAAP eKeHiH KepceTedi, Byn apTypAai TEKCTypanbiK,
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TMATEri KeHaepae ayblp KYKIiPT M30TOMbIHbIH, Ty3iy 3aHAbUIbIFbIMEH pacTanafbl. 9p TypAai
TbIfbI3AbIFbl,  KMHEMATUKaNbIK  TYTKbIPAbIFbI,  KbligamablFbl  6ap  ruapotepmanapablH,
SKTacTapAblH, KapblKTapbl MeH TeciKTepiHAe KeHAeHyAiH naiga 601y KapKbIHABIbIFbIHA,
coHAal-ak benlekTey KapblKTapbl aliHaNacbiHAA *KaHa KapblKTapApblH nNakaa 6onybiHa acepi
6aranaHgbl. TMapoTepmManap  afblHbiHbIH, - TbIFbI3AbIFbIHbIH,  CYMbIKTBIKTBIH,  Anddy3nacbiHa
Toyenainiri aHbikTanapl. KNHeMaTUKanbIK TYTKbIPAbIK TeHAEYi epiTiHAI aFblHbIHAAFbI KbICbIMHAH,
OHbIH, KO3fa/Ny KblNAaMAbIFbIHAH, KeHAi KypalTblH 3nemeHTTep 6esleKkTepiHiH maccacblHaH
KaHe [MB6C 3HEepruAcbiHbIH TEePMOAMHAMMKANbIK KaFdalblHAA@ KYKIPT M30TONTapbiHaH
anbiHaabl. EpITIHAIHIH TYTKbIPAbIFbIHBIH, YKAapbIKTap MeH KeyekTepaeri aKTac 6esweKTepiHiH,
HaHOKabaTbIHbIH, 6ETTIK KepinyimeH 6anaHbiCbl KepceTinreH, 6ya aHeprua HeFypibim Ken 607ca,
KeHA] KYpalTbiH epiTiHAINEPAiH KO3FabIC KbiNgamAaplfbl COFYPAbIM Ken 6onaabl, benwekreHe-
TiH JKapblKWafblHbIH, aliHanacbiHA@ KaHajaH naaa 6onfFaH KapblKTapablH, TapMaKTapbl
asaagpl. MaTtemaTuKanblK Mofenb KeH KabaTbiHbIH, TEePMOAMHAMMKaNbIK KafdalbiHaa
SKTacTapablH, *apblKTapbl MEH KeyeKTepiHiH HaHOKYypbINbIMAbIK KabaTbiHblH, acepiH eckepe
OTbIPbIN, XapbIKTapAblH KEHAEHY 3aHAbINbIFbIH CAHABIK TanAay YWiH KOAAaHbINAabI.

Tyiiin ce3dep: YwkatbiH lll, cTpaTudopmabl KeH opblHAAPbI, ATacy KeH ayAaHbl, U30TOMTbIK
KYpambl, MaTeMaTWKablK Mogeni.
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AHHOTALUMUA

FeHe3unc cTPaTUPOPMHbIX MECTOPOMKAEHMIA CBUHLLA, 6apuTa B 0Caf0uHbIX MOPOAAX NpeacTaBaseT
OrPOMHbIN MHTEPEC C TOYKM 3PEHUs BOCMOJIHEHMA 3aMacos MOAMMETANNYECKUX pya. Llenbio
paboTbl ABNAETCA YCTAaHOB/AEHME 3aKOHOMEPHOCTM TUAPOreHHOro GOPMUPOBaHWUA pya B
M3BECTHAKAX C YYETOM BAMAHMA HAHOMOBEPXHOCTM MOP M TPEWMH Ha OCHOBE MaTemaTU4ecKow
MOZENV ABUMEHUA UM XapaKTePUCTUK PYLOHOCHbIX PacTBOPOB B Mopax. PaccumMTaHbl TOMLLMHDI
MOBEPXHOCTHOTO C/10A M3BECTHSAKOB U MUHEPAJIOB BXOAALUMX B COCTAB PyAOBMELLAIOLLENH TONLLM
N cynbduAHbIX MUHepanoB. Pe3ynbTaTbl CBMAETENLCTBYIOT O TOM, YTO OHM ABAAIOTCA
HaHOCTPYKTypammn ob6nagalowymm ocobbiMM  OTAMYHBIMM OT OCTa/lbHOM 4acTM BellecTsa,
bU3NYECKMMM CBOMCTBAMM, YTO MOATBEPIKAAETCA 3aKOHOMEPHOCTbIO GOPMUPOBAHUA TAXKENOrO
M3oTona cepbl B PyAax pPas/IMYHbIX TEKCTYPHbIX TUMOB. OLEHEHO BAMAHWME TUAPOTEPM
06124at0LLMX PA3AINYHBIMM MIOTHOCTU, KUNHEMATUYECKOW BA3KOCTU, CKOPOCTU Ha MHTEHCMBHOCTb
bopmMMpoBaHKA OpyAeHEHMA B TPELLMHAX M NOPaX U3BECTHAKOB, @ TaKKe BO3HUKHOBEHWUM HOBbIX
onepAoWMX TPELWMH BOKPYr TPEWMH pacyieHeHus. YCTaHOBAEHa 3aBMCMMOCTb MIOTHOCTU
noToKa rmapoTepm oT anddy3unm KuakocTu. NonyyeHo ypaBHEHUE KUHEMATUYECKOWM BA3KOCTU OT
[JaBNEHNA B MOTOKe PacTBOPa, CKOPOCTU €ro ABWMXKEHMS, MacCbl 4acTuL, pyAoo6pasytoLimx
3/1eMEHTOB M M30TOMOB CEPbI B TEPMOAMHAMUYECKMX YCNOBUAX onpeaensemblx sHepruit Mmébca.
MoKa3aHO CBA3b BA3KOCTM pacTBopa MOBEPXHOCTHbIM HaTAKEHMEM HaHOC/I0f YacTuy,
M3BECTHAKA B TPELLMHAX M NOPaX, CBUAETENLCTBYIOLLAA O TOM, YTO Yem Bo/blUe 3Ta IHEPTUsA, TEM
60/blUe CKOPOCTb ABMMKEHUA PyA006Pa3yIOLLMX PAcTBOPOB, TEM MEHbLUE BETBJEHWIN BHOBb
06pa3oBaHHbIX TPELLMH BOKPYr TPELWMHbI pacyieHeHuns. MaTtemaTuyeckas Mogesb npumeHnma
AN YACNEHHOTO aHaiu3a 3aKOHOMEPHOCTM OpYAEHEHUA B TPewmHax C y4eTOM BAWUAHMA
HaHOCTPYKTYPHOTO €108 TPELLMH U NOP M3BECTHAKOB B TEPMOAUHAMUYECKUX YCOBUAX 3a1eraHms
PYAOHOCHOrO naacTa.
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