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Assessment of rock massif sustainability in the area
of the underground research laboratory
(Nizhnekanskii Massif, Enisei site)
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Abstract. The study presents the results of the research on geodynamic and geological conditions of the Enisei
site (Krasnoyarsk Krai), chosen for the construction of an underground research laboratory. The laboratory
is being built at a depth of 500 m to assess the suitability of the rock mass for burying high-level radioactive
waste. The rocks consist of weakly fractured gneisses, granites, and dikes of metadolerites. Field observations
were conducted on bedrock outcrops. They included the determination of rock mass quality indicators, measure-
ment of rock fracturing, and a rating classification of stability using N.Barton's method. GNSS observations were
also made to monitor surface deformations. These data were used to develop a three-dimensional structural
model, including lithology, fault disruptions, intrusive bodies, elastic-strength properties of rocks, and the sizes
of zones influenced by faulting. It will serve as a basis for boundary conditions and the construction of three-
dimensional variational models of stress-strain states, identifying zones of concentration of hazardous stresses,
and planning in situ geomechanical experiments in underground mines of the laboratory. The obtained values of
the modified O index for the main types of rocks allowed their classification as stable and moderately stable,
corresponding to strong and very strong rocks on Barton's scale and the massifrating according to geomechanical
classification.

Keywords: geoecological safety; high-level radioactive waste; underground research laboratory; structural-tectonic
model; tectonic block; fault; rating assessments of rock mass quality
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Introduction. In Russia, a vast amount of radioactive waste (RAW) has been accumulated,
and its surface storage poses an extraordinary danger to the population and the environment.
The most hazardous are high-level RAW containing radionuclides with a half-life of more than
10,000 years. At the current level of scientific and technological progress, the most reliable
method for removing them from the biosphere is the disposal of RAW in deep impermeable
geological formations (crystalline rocks, salts, tuffs). The fundamental condition for ensuring
the geoecological safety of RAW disposal is the isolation capabilities of the rock massif and a
low-activity geodynamic regime of the area. The safety concept of geological repositories for
RAW is based on the principle of multibarrier systems, where a complex of engineering and
natural barriers ensures the isolation of RAW. Each barrier performs its functions for a specific
period. Obviously, the most durable is the geological barrier. However, tectonic movements
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(slow creep and fast seismic) can lead to the destruction of the structurally-tectonic block
(far zone) with the mines of the deep geological repository of RAW (DGR). Geomechanical
processes, causing the formation of high-gradient stress zones or weakening the near-contour
part (near zone) of the DGR mines, pose no less danger.

In 2022, the construction of an underground research laboratory (URL) began in the granitoid
rocks of the Nizhnekanskii Massif, 20 km north of Krasnoyarsk, to make a final decision on the
feasibility of building the deep geological repository for RAW [1, 2]. Research in URL is con-
ducted in many developed countries that use nuclear technologies, including Sweden (Aspd),
Finland (Onkalo), Switzerland (Grimsel), Germany (Gorleben) [3-5], Japan (Mizunami), China
(Beishan), and others [6, 7]. In Russia, a research program is being developed for the URL of the
Nizhnekanskii Massif. An important part of these studies is geomechanical experiments. Special
chambers and deep boreholes are planned for their implementation [8-11]. Project decisions on
the organization of monitoring systems include the justification of methods and measurement
techniques, optimal locations for sensors, conducting field experiments, the selection of necessary
equipment and technical means, interaction with other experiments, algorithms for processing
observation results, etc. [12].

The article presents the results of developing a three-dimensional geomechanical model of the
rock massif in the Enisei area as the initial stage of these works. It is assumed that based on this
model, plans for the arrangement of chambers and boreholes for in-situ geomechanical experiments,
the placement of sensors in the monitoring network, and the specification of boundary conditions for
numerical modeling of the stress-strain state (SSS) of rocks within the area will be developed.

Methods. In Fig.1, a variant of the volumetric-planning solution for the location of research
mines in the underground research laboratory at the end of 2018 is presented. The laboratory
is situated at a depth of 500 m from the Earth's surface and includes three shafts (ventilation,
operational for the descent of radioactive waste and personnel), a system of horizontal mines,
research chambers, and boreholes. This scheme is preliminary and will be refined depending on
the identification of geological structure features [1]. Before the excavation of mines, a classifi-
cation of the stability of hosting
rocks should be developed, and
their critical properties influen-

RS- cing both the long-term stability
e .
£ Hig of the URL and the provision of

safe conditions for underground

j works at a depth of 500 m should

14l 2 S - be determined. The following

¥(< : ) main parameters should be taken
. into account [13-15].

Fault influence zones. Fault
zones are potential pathways for the
migration of nuclides beyond the
sanitary zone of the DRG [16-18].
Zones of dynamic influence of
faults are rocks that are strongly
Fig.1. Schematic diagram of the URL (research mines are highlighted in blue), disturbed Compared to the internal

numbers indicate planned experiments on geomigration (1-3); geochemistry (4); parts of structural blocks. Ifthey n-

geomechanics (5); engineering barriers (6-8); microbiology (9); gas release (10); : o
RAW packaging technology development (11, 12); burial prototype (13); tersect the site, they can act as t?lg
hydrogeology (14); M — monitoring stations gers for hazardous geomechanical
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processes in the near-contour part of the mines and as channels for the infiltration of groundwater
into the containers with RAW [19, 20].

Faults are classified into three categories depending on their length [13, 14]:

* class A — faults with a length ranging from several tens to several hundreds of kilometers;

* class B — faults with a length ranging from several kilometers to tens of kilometers;

* class C — faults with a length measured in meters or hundreds of meters.

The zone of dynamic influence of faults in this article is a rather general concept that includes all
types of fractured zones. The width of the zone of dynamic influence for local and regional faults is cal-
culated according to the formula provided in the article by G.G.Kocharyan [21],

F"” =kL, (1)

where L — is the length of the fault, km; £ — is a coefficient dependent on the scale and type of rock
deformation. The range of variation for k£ is from 0.1 to 0.2 for local and regional faults, respectively
[22]. Some authors suggest even smaller values for k (down to 107%).

Areas with class A4 faults are prohibited from encompassing the construction site of the radioac-
tive waste disposal facility. The presence of class B faults is allowed, but they should not intersect
with mines intended for the disposal of radioactive waste. Class C faults are permitted to intersect
with mines, but a rating assessment of rock quality is necessary to take additional measures.

Chemical index of underground waters. Reflects the basic chemical properties of fluids — acidity,
alkalinity, salt content, and other chemical elements that affect the corrosion resistance of engineering

barriers. The chemical index C*

- Includes three parameters: TDS — total dissolved solids content; pH —
acidity/alkalinity; Cl—a parameter indicating the concentration of chloride ions in water. The value of the
total chemical index is determined based on the composition of underground waters. With 6 <pH < 10,
TDS < 50 g/l, Cl < 20 g/, the geochemical environment is quite favorable and does not reduce the
“quality” of rocks. The value of the geochemical parameter is determined as 1.0. If any of these require-
ments is not met, the geochemical environment is considered generally favorable, and a value of 0.8 is
assigned. Otherwise, the geochemical environment is considered “not very suitable”, and it is assigned a
relatively low value of 0.1.

Thermal effect. Due to the decay of radionuclides, the surrounding rocks will be exposed to ele-
vated temperatures for an extended period (according to various estimates, around 120-150 °C for
more than 150 years). Under the simultaneous influence of lithostatic pressure and tectonic stresses,
this can significantly impact the stability of the rocks. The properties of rocks are considered in two
aspects. The value of thermal conductivity can influence the layout decisions of the radioactive waste
disposal facility. Another aspect is the alteration of the physical and mechanical properties under the
influence of high temperatures. Experimental studies in [23] confirmed that high temperatures can
lead to a significant decrease in the mechanical strength of geological formations. In this article, the

thermal effect index Gfg‘a" is defined as the ratio of the compressive strength at maximum temperature
to the strength at room temperature C,, :

T

G max
CR=Zcd (2)
Ccd
It 1s proposed to use the weighted average value of the thermal effect index in case there are
several types of rocks in the studied area. For example, if granite and metamorphic rock (gneiss) are
present in a ratio of 70 and 30 %, respectively, the index is calculated using the formula:
= o.7c;fw +0.3CK

metam

3)
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O-index according to N.Barton. According to the research conducted at the Aspd underground
laboratory (Sweden) [6], it has been revealed that the parameters of the stress relaxation factor (SRF)
and rock moisture content (J,,) are not suitable for assessing the stability of the rock mass during the
underground isolation of radioactive waste [24, 25]. Therefore, in the system for assessing the suita-
bility of the rock mass for the disposal of radioactive waste, it is accepted to use the product of four
parameters:

_RQD J,

! , 4
0 7 Q)]
where RQD — is the rock quality designation; J, is the number of joint sets; J, is the joint roughness
coefficient (roughness of the most unfavorable joint); J, is the alteration and condition of the joints.

The rock quality index, characterizing their structural disruption, is calculated using the

formula [26-28]:

RQD:LTZ-IOO %, (5)

where Ly — is the sum of the lengths of distances between natural cracks longer than 10 cm, m.

Hydraulic conductivity is the rate of fluid flow through pores and fractures. It plays a crucial role
in determining the speed of radionuclide transport into the surrounding environment (in this case, the
Yenisei River) in the event of the failure of engineered barriers. Hydraulic conductivity depends on
permeability, saturation, fluid density, and viscosity. The index is determined as follows:

1.0, if (K <10°® m/day) > 90 %;
SR _ 0.7, 70%if (K <10~* m/day) < 90 %; ©
" 103, 30%if (K <107° m/day) < 70 %;

0.1, 70%if (K <10~® m/day) < 30 %,

where K — is the specific hydraulic conductivity (or permeability) of the rock formations.

The strength-to-stress ratio index. The mechanical stability of mines primarily depends
on the relationship between strength and the acting stresses in the rock mass [26, 29]. Typically, this
is assessed by the ratio of uniaxial compressive strength to the maximum principal stress. This ratio
is used as a factor of safety [30]. According to Barton's stability classification, it is determined by the
formula:

0.5, if(c./o;>5)290 %;
1.0, 70%if (c./c; >5) <90 %;
50, 40%if (o, /o, >5) <70 %;
20, if (o,/0; >5) <40 %,

SRF® = (7)

where o.— is the rock strength under uniaxial compression; 1 — is the maximum stress in the rock
mass; 6¢/c1 > 5 — indicates a percentage of data related to the strength-stress ratio.

The paper [31] presents a rock classification system based on the O-index by N.Barton, adapted
to the specific features of underground radioactive waste isolation. The suitability index of host rocks
includes factors such as thermal impact, chemical composition of groundwater, and permeability of
the hosting massif. The modified index is determined by the formula:

JR
SRF?’

0" =C,,Cro' ®)

Classification of rock massif by stability class is given in Table 1.

170
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2024. Vol. 266. P. 167-178
© Dastan Zh. Akmatov, Aleksandr I. Manevich, Viktor N. Tatarinov, Roman V. Shevchuk,

Sergei M. Zabrodin, 2024

Table 1
Categories of rock massif according to stability class
oF Class Degree of stability Massif stability category
[40, 1000] I High Resistant
[10, 40] 1T Medium Medium resistant
[0, 10] I Low Unstable

Description of the rock massif. The Nizhnekanskii Massif is located in the accretion zone, at

the contact of two major geological structures — the Siberian Platform and the West Siberian Plate
[32]. The chosen area for the construction of the URL is approximately 2 x 3 km in size and is located
in the northwest of the granitoid Nizhnekanskii Massif. Fig.2 shows the main tectonic disturbances

93.54°E 93.60° E 93.66° E 93.72°E

| J & R Lot ,'r."ﬁr - L
= i Y. mk &> 5&( 1
A0 - 1 L i - d
 MRECT 2 i ) NG
3 \ (% \& y 1
TN ' B

-

56.34° N —N
2 AP‘}..\\
; L o
hal' & 1

ﬁ\i £ R"’in

56.28° N

gh @ -

' ::: Site boundaries Enisei

D Construction site URL

Fig.2. Structural-tectonic scheme of the area. Black lines represent faults: thick lines — major faults, medium-thick lines —
regional faults, thin lines — local faults, dashed lines — presumed faults

1 — alluvial deposits (pebbles, sands); 2 — Jurassic deposits (sandstones, aleurolites, argillites); 3 — Early Archean gneisses, crystal
schists of the Atamanovsk series; 4 — Late Devonian biotite granites [33]
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in the area [32]. A more detailed characterization
of the tectonic and geological conditions is pro-
vided in [9, 30-32, 34]. The Pravoberezhnyi and
Shumikhinskii faults divide the Enisei area into
three structural blocks. According to geological
data, the Right Bank fault is considered tectonically
active. An analysis of the relief morphology reveals
local faults and fractures. At a distance of 2-3 km
to the west of the area's boundary, the active Mura-
tov fault passes, which many geologists consider as
the boundary between the Siberian Platform and
the West Siberian Plate [8-9].
N\‘, [t e Based on the developed classification,
0 1000 2000 3000 4000m 5 3D model of the site was constructed, including
11 faults of various classes. The three-dimensional
e (g O |3 model is visually shown in Fig.3. Among
the faults, two belong to class 4 and extend for
Fig.3. Three-dimensional model of major tectonic disruptions. ~ 11OIC than 30 km. They are located in the western

Faults: P1 — Muratovskii; P2 — Atamanovskii; ~ part of the studied area. Within the construction site

P3 — Kantatskii; P4 — Shumikhinskii; P5S — Pravoberezhnyi; .
P6— Bezymyannyi; P7 — Studenyi; P8 — Meridionalnyi; of the underground laboratory, faults of class C with
P9 — Baikalskii; P10 — Bogdanovskii; P11 —N 1 lengths ranging from 300 to 1000 m were

1 — gneiss; 2 — faults; 3 — outline of the RAW disposal

outlne 1dentified. These local faults are oriented to the
repository site

northeast, and their number exceeds 16. According
to the suitability assessment classification, class 4 faults do not reach the construction site boundary.
The class B fault (Bezymyannyi) intersects the construction site but does not reach the repositories of
the RAW disposal facility. It can be concluded that the Enisei site is assessed as suitable for the
construction of the URL.

On the Enisei site, 17 boreholes were drilled with core sampling, and the determination of
the physico-mechanical properties of the rocks was performed (Table 2) [35]. Due to the lack of
documentation for the core material to determine the stability categories of rock masses, geotech-
nical documentation of rock outcrops was carried out in 2021-2022 to assess the degree of rock
disturbance and stability [33]. Statistical analysis of the results showed that fractures in the
dynamic influence zone of the Muratovskii fault have a northeast direction (Fig.4, c), the
Bezymyannyi fault has a northeast-southwest and southeast-northwest direction (azimuths of
approximately 10° and 130°) (Fig.4, d). In contrast to the granite-gneiss rocks, the dike complexes
of metadolerites are less fractured [35].

Table 2
Summary physical and mechanical properties of rocks at the Enisei site
Rocks
Characteristic
Gneisses Metadolerites

Volume weight, t/m? 2.75 2.91
Poisson's ratio 0.27 0.29
Modulus of elasticity, MPa (7.0-7.7)-10* 9.15-10*
Modulus of deformation, MPa 5.9-10* 7.09-10*
Uniaxial compression strength, MPa 131.0 143.9
Tensile strength, MPa 12.89 12.41
Shear strength, MPa 57.15 99.6
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Fig.4. Stereograms of rock fracturing in the Lower Jurassic formation in the zones
of dynamic influence of the Muratovskii (a) and Bezymyannyi (b) faults;
rose diagram of fracturing in the zones of dynamic influence of the Muratovskii (¢)
and Bezymyannyi (d) faults

When specifying boundary conditions for modeling stress fields, it is crucial to accurately
consider the direction of external tectonic forces [36-39]. The results of geological-geophysical
studies indicate that the stress field in the region is characterized by dominant sub-horizontal
compression with azimuths around 40°. A more detailed examination of the contemporary stress
field in the Lower Cretaceous complex is presented in [8]. Analysis of the orientation of axes and
deformation rates obtained through GNSS (Global Navigation Satellite System) reveals a mosaic-
like pattern of deformation (Fig.5). The northern and eastern boundaries of the area west of the
Pravoberezhnyi fault are predominantly characterized by sub-meridional extension. The western
boundary of the area, corresponding to the axis of the Pravoberezhnyi fault, experiences sub-
meridional compression and sub-latitudinal extension. The zone north of the Bezymyannyi fault
undergoes extension, while the block bounded by the Merkurevskii and Verkhneshumikhinskii
faults experiences compression.

At a distance of 3 km from the Enisei site, previous stress assessment work was conducted using
the hydraulic fracturing method. The results showed horizontal stresses o = 6,, = 13.5 MPa, and
vertical stress .. = 12 MPa. In other studies [33, 40], it is noted that stresses in the rock massif reach
21.4 MPa. As can be seen, the data are quite contradictory. During the geotechnical documentation
of rock outcrops on the site, samples were uniformly selected in various geological conditions. The
zone of dynamic influence of the Muratovskii fault was thoroughly studied, and measurements were
taken at four geological sites at a distance of up to 1 km from it.Three additional sites were chosen
away from local tectonic disturbances, in the masses not affected by intrusive dike bodies. Five research
sites corresponded to local-scale fault disruptions — Baikalskii, Kantatskii, Bezymyannyi, Verkhne-
shumikhinskii, and Merkurevskii faults. Another four sites were described during reconnaissance routes,
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Fig.5. Principal axes and velocities of horizontal deformations determined from GNSS observations
during the period from 2012 to 2021 [8]

based on the rock stability categories according to the OF value and systematized in Table 3:

* category 1 — 500-meter zone of dynamic influence of the Muratovskii fault. The rocks mainly

consist of granites and gneisses with veins of quartz and thin dikes of metadolerites;

» category 2 — zones of dynamic influence of local-scale fault disruptions. The rocks are predomi-

nantly granites and gneisses with veins of quartz and thin dikes of metadolerites;

* category 3 — intrusive complexes represented by thicker dikes of metadolerites, with a thickness

ofup to 10-20 m;

* category 4 — outside the zone of dynamic influence of fault disruptions. The rocks are mainly

expressed as granites and gneisses.
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Table 3
Rock stability classes
Category o’ cE cF JE SRF of Class
1 13 1.0 0.80 1.0 0.5 20.8 I
2 86 1.0 0.88 1.0 0.5 1514 I
3 22 1.0 0.87 0.8 0.5 30.6 I
4 68 1.0 0.85 0.7 0.5 80.9 I

Hydrochemical studies have shown that the overall mineralization ranges from 50 to 450 mg/I,
and the water is hydrocarbonate-calcium [41]. The average pH value is 8.1, and the total hardness
does not exceed 6.25 °F. The nitrate ion content is below 3.76 mg/l, and chloride levels range from
0.9 to 7.5 mg/l. Therefore, the requirements for geochemical parameters are met, and the geochemical
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parameter can be accepted as 1.0. The
thermal effect index Cj is assumed 0.88

based on the analysis of the results of
physical-mechanical studies and experi-
ments in China [13]. According to studies
[32, 42], the coefficient of permeability
for granite-gneiss rocks of the Nizh-
nekanskii Massif varies in the range of
10 to 107! m/day. This means that they
have low permeability. Following the

equation (6), the value of Jj is taken

as 1.0. The specific value of the strength-
to-major stress ratio, according to equa-
tion (7), is 6.2; therefore, the value of
SRF® is 0.5. Thus, the stability assess-
ment of the rock mass (8) indicates that
the site is characterized by good quality
ratings and is suitable for the construc-
tion of the radioactive waste repository.
The next stage of the work involved
creating a three-dimensional geological
model based on the analysis of archival
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Fig.6. Three-dimensional representation of the main geological structures
in the 3D model of the Enisei site: a — lithological model; b — model
of discontinuous faults; ¢ — zones of fracturing, increased fissility,
and brecciation; d — intrusive and dyke complexes

geological-geophysical data [42-44]. Using geological cross-sections and diagrams of various
horizons, a framework and block geological-structural model of the Enisei site were developed [33]. The
lithological model includes three layers of rocks: Quaternary deposits and weathering crust formations
with a thickness ofup to 20 m. The upper layer consists of plagiogneisses and biotite gneisses with layers
of crystalline schists. The lower layer consists of cordierite-biotite gneisses with layers of biotite and

garnet-bearing gneisses (Fig.6, a).
Disruptive disturbances on the site
are represented by zones of crushing,
mylonitization, tectonic breccias,
and fractures without displacement
(Fig.6, b, c) [33, 35]. The tectonic faults
in the model are classified into major
and minor disruptions. Intrusive and ul-
trametamorphic formations are repre-
sented by a dense network of steeply
dipping metadolerite dikes with a thick-
ness of up to 30 m (Fig.6, d). Disruptive
disturbances on local and regional scales
are detailed in the study [33]. Addi-
tionally, zones of crushing and defor-
mation, based on geological cross-sec-
tion data, were incorporated into the
model. These zones closely correlate
with the major faults of the site, ex-
tending to depths of up to 700 m.

PH5

200 0 200 400 600 800 m

Fig.7. Structural block model and zones of dynamic influence
of major fault disruptions
1 — Quaternary deposits; 2 — upper layer; 3 — lower layer; 4 — zones
of increased fracturing; faults: PH1 — Verkhneshumikhinskii;
PH2 — Verkhnemerkurevskii; PH3 — Merkurevskii; PH4 — Bezymyannyi;
PH5 - N 5; PH6 - N 6; PH7 - N 7
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The block model, constructed based on the framework model (Fig.6, a, c), represents geological
structural features in the form of blocks with specific physical and mechanical properties (Fig.7, a).
This model is used for a more detailed and accurate description of the geological structure and
behavior of the rock mass.

In the framework model (see Fig.6, b), fault disruptions were represented as surfaces (disloca-
tions) with zero width due to a lack of information about the thickness of the faults [33]. Using em-
pirical relationships, the dimensions of the zones of dynamic influence of fault disruptions were de-
termined, and based on this information, a block model was constructed (Fig.7, b).

Building a block model of faults with zones of dynamic influence is an important tool for varia-
tional modeling of stress-strain states, analysis, and assessment of geodynamic processes occurring
in the rock mass.

Conclusion. For the safe disposal of high-level RAW, it is crucial to determine the critical
properties of rock formations that influence both the long-term stability of the geological repository
for RAW and the provision of safe conditions for underground mining operations. Global experience
analysis has shown that empirical rating classifications are effectively used for this purpose. To assess
the stability of the rock mass surrounding the underground openings of the geological repository for
RAW, existing classifications have been modernized.

The modernized OF index incorporates parameters that consider fault zones, the strength-to-
stress factor (SRF), the O index, and others. Preliminary results of the rock mass stability assessment
have indicated that the selected site is suitable for the construction of the RAW repository. It has been
determined that rock mass areas within the dynamic influence zones of major tectonic faults in the
region are less stable, while intrusive rocks represented by dike complexes are more stable.

A three-dimensional structural-tectonic model of the Enisei site has been developed, which will
subsequently serve as the basis for numerical variational modeling of the stress-strain state of the rock
mass and the creation of a comprehensive geomechanical model of the site. Building a block model
with zones of dynamic influence of fault disruptions is the first step toward a deeper understanding
of fault behavior and their impact on the stability and safety of rock masses. The model will help
identify zones of dangerous stress concentration and plan in-situ geomechanical experiments in the
underground mines of the URL.
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Abstract. Five colored diamonds were investigated. According to the results of the study by FTIR, UV-Vis-NIR and
Photolumines-cence spectroscopy, they are natural type la diamonds. The depth distribution of the color intensity was
carried out by meas-uring the intensity of the PL peak at 741 nm (GR1 center) upon excitation by a laser with a wave-
length of 633 nm of Raman Confocal microscope. To minimise the perturbation due to geometrical effects, defect
distribution profiles were normalised with respect to diamond Raman peak intensity (691 nm) point by point. For two
diamonds, the intensity of the GR1 peak (741 nm) sharply decreased to a depth of 10 um, and then became equal to the
background level, which is typical for irradia-tion with alpha particles from natural sources like uranium. In other
diamonds, the profiles vary slightly with depth, and the color intensity is close to uniform, which is for irradiation with
accelerated electrons or neutrons. The source of radiation has not been determined. However, long duration radioacti-
vity measurements of the diamonds suggested that neutrons were not used for colour centers production in the diamonds
studied.

Keywords: confocal Raman microscopy; coloured diamond; depth profile; ionising radiation; irradiation; photolumines-
cence; normalization; GR1
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Introduction. Defects of intrinsic or impurity nature are known to impart color in many dia-
monds [1]. Colorless diamonds are the most expensive, but some fancy color diamonds are also in
demand [2]. Research on bleaching of diamonds or enhancing the intensity of fancy colors remains
relevant. The two most common methods used for this purpose are high-pressure high temperature
(HPHT) treatment [3] and exposing diamonds to controlled doses of high energy ionizing radiations,
often followed by HPHT treatment. Irradiation of diamonds with neutrons, energetic electrons, or
a-particles creates radiation defects (vacancies and interstitial atoms) in the diamond, which absorb
part of the visible spectrum. This leads to a change in the color of the diamond crystal from blue-
green to brown [4]. A diamond would receive a radiation dose in natural conditions by contacting
with natural radioactive substances, for example, uranium and its decay products [5]. The depth of
penetration of a-particles into diamond does not exceed 30 um. Thus during the contact irradiation
with a-particles around the contact point, so-called pigmentation spots-colored areas would be
formed.

To improve color of diamonds in the laboratory, they are exposed to high-energy electrons or
y-rays [6]. Energy of the radiation is so chosen such that exposure does not cause nuclear reactions
to form residual radioactivity* [7-11]. Range and energy of the radiation** are crucial for choosing it
for irradiation of diamonds. Color centers and their distribution in the bulk of crystals are usually

* Regulation for the Safe Transport of Radioactive Material. 2018 Ed. Specific Safety Requirements. IAEA Safety Standards
Series N SRR-6 (Rev. 1).
** Knoll G.F. Radiation Detection and Measurements. New York: John Wiley & Sons Inc., 1999, p. 802.
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investigated by spectroscopy. Typically, photoluminescence (PL) spectra of diamonds are obtained
by excitation with a suitable laser. When using a laser with a wavelength of 633 nm, a noticeable
observed feature in the PL spectrum of diamond exposed to ionizing radiation is a peak at 741 nm,
corresponding to the center of the GR1 — neutral vacancy [12].

Confocal Raman spectroscopy with a spatial resolution of about 0.1 um [13] is one of the uni-
versal tools for measuring the depth distribution of defects in thin films, polymer composites, solids,
including diamonds, etc. Compared to other methods [14-16], confocal Raman microscopy gives
poorer resolution, but other advantages make it very suitable for measuring the depth distribution of
defects, especially for solids such as diamonds.

In this work, the depth distribution of defects in five colored diamonds was studied, and the
characteristics of the IR and UV-visible regions were measured by spectroscopy. The aim of the work
IS to determine whether these crystals were exposed to ionising radiation.

Methods. Physical properties of the five samples investigated are given in Table.

Diamonds description

Name * Weight, carats** Colour Cut Type ***
S.G.1 3.12 Tinted Green Rough la
S.G.2 4.83 Tinted Green Rough la
T.B.1 0.015 Blue R.B.C. laA
T.B.2 3.23 Blue Rough laAB
TB3 12.13 Bluish Green Rough la

* Names of the samples are given, after initial investigations, as T.B. for treated diamonds and
S.G. for diamonds exposed to short range radiation in the earth crust or in the lab.

** 1 carat = 200 mg.

**Types of the diamonds are identified by FTIR spectral measurements.

Images of the diamonds. The optical images of the five diamonds were captured under white
light by using Canon EOS 90D Digital SLR Camera with 18-135 IS USM Lens. Luminescence
(fluorescence and phosphorescence) images for all the diamonds were obtained using the De Beers
Diamond View which has an UV excitation source (< 230 nm). These images were used to examine
the growth patterns.

Spectroscopic measurements. IR absorption measurements were made using Thermo Nicolet
iS50 FTIR with DRIFT accessory and DLaTGS (deuterated L-alanine doped triglycine sulphate)
detector. Spectra were recorded with 100 scans in the range of 8,000 to 400 cm~ with a resolution of
4 cm! at room temperature.

UV-Vis absorption spectra were recorded in the range of 200 to 800 nm, with Cary Varian 5000
UV-Vis-NIR spectrometer having sources of Deuterium lamp for UV region and Tungsten Halogen
for Visible and IR regions. This system has a PMT (photo multiplier tube) as the detector for
UV-Visible region and polycrystalline lead sulfide (PbS) detector for IR region. Measurements were
made at liquid nitrogen temperature, 77 K.

Photoluminescence spectra were measured with the Renishaw InVia Reflex Raman Spectrome-
ter having confocal optics and CCD (charge coupled device) detector. We chose 100x objective lens
that has a laser working distance of 0.33 mm between the lens and the sample. We used only two
laser sources, 405 nm (for spectral range of 407 to 743 nm) and 633 nm (for spectral range 637 to
991 nm) for spectral studies. 633 nm laser source was chosen for defect distribution measurements.
Spectral measurements were made at 77 K temperature. On the other hand, depth profile measure-
ments were carried out at room temperature with an interval of 4 pm in air by tagging 741 nm peak
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(GR1 centre) using 633 nm laser. Measurements were carried out through an inbuilt software con-
trolled programme.

The distribution of GR1 centre as a function of depth. Our confocal Raman spectrometer has a
spatial resolution of 0.1 pm and higher. Z distance was changed stepwise using a motorised X-Y plane
platform of the object (diamond sample) and Z movement was software controlled. A provision is
available to acquire spectra up to 200 um. Prolonged measurements at liquid nitrogen temperature
result in precipitation of fog on the surface of the diamond and could affect PL signal. Hence, these
measurements were carried out at room temperature. From the analysis of GR1 data as a function of
depth on one diamond, showed that required information was obtained from the profiles in the depth
range starting from 0 to 60 um and therefore we collected data for all other diamonds from 0 to 60 um.

Peak area analysis. Our confocal Raman spectrometer has an inbuilt Spectrum analysis programme.
After acquiring the spectrum, the displayed spectrum was taken into analysis mode. This inbuilt
programme has a provision in the tools “curve fit” which identifies peak position, calculates peak intensity
(peak areas) and peak (centroid) counts, and the results for all the peaks are displayed. They contain both
gross and background subtracted data. This inbuilt programme identifies both the minima counts on the
left side and right side of a chosen peak (L and R), through an inbuilt software in which successive differ-
entiation is used. Background counts corresponding to L and R channels are taken as a five point average
around minima. Counts in the small interval between L and R is assumed to vary linearly. Thus the back-
ground for each peak is calculated by trapezium rule, peak area is computed by subtracting background
from integrated area. In the case of peak counts, software recognizes the channel corresponding to that
peak (centroid) and peak count is obtained by subtracting background corresponding to centroid.

Spectrum analysis was also carried out by us as a crosscheck using origin software (Gaussian).
The results obtained by both origin and inbuilt programmes were reproducible.

The range of peak areas is from 80,000 to background level whereas for peak count it is 10,000
to background level. In all the cases the reported peak areas are much above background level and
thus are significant.

Results and discussion. All the five diamonds investigated in this work were characterised by
examining the images obtained by Diamond View as well as by spectroscopic techniques.

Diamond images. The optical images of the five diamonds are given in Fig.1. Luminescence
images obtained by Diamond View are shown in Fig.2. In the Diamond View, all the diamonds except
T.B.1 showed blue fluorescence with no phosphorescence, where as T.B.1 showed Green fluores-
cence with blue patches. The observed growth patterns confirmed that the diamonds are natural. The
observed blue fluorescence is because of the presence of N3 centre (415 nm). Interestingly E.Vasilev
et al. observed heterogeneous distribution of optical centres in a diamond along with blue fluores-
cence which was attributed to N3 centre [17].

S.G1 S.G.2 T.B.1

PR B
A ,

T.B.3

) “‘ .
&3

>

Fig.1. Optical images of diamonds investigated

S.G1 S.G.2 T.B.1 T.B.2

Fig.2. Luminescence images of diamonds under Diamond View (UV < 230 nm)
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Fig.3. FT-IR Spectra of S.G.1, T.B.2 and T.B.3

FTIR spectra. IR absorption spectra were recorded to characterise diamonds and many investigators used
FTIR to obtain absorption spectra for identifying and characterising the types of centres present in the dia-
monds [18, 19]. FTIR spectra of all the five diamonds showed signature peaks of type la natural diamonds
corresponding to A (1282 cm) and B (1178 cm™) centres which are due to nitrogen aggregation in diamonds.
IR spectra of S.G.1, T.B.2 & T.B.3 are given in Fig.3 for spectral comparison. All the prominent absorption
peaks in the spectra are labelled.

A broad band was observed around 482.33 cm which is attributed to A centre. A sharp platelet peak
was observed in the range of 1360 cm™ to 1370 cm™ and it is commonly associated with type la natural
diamonds. Peaks at 3106 cm™ and 1010.36 cm™ were seen, as expected, generally in hydrogen containing
diamonds which are due to carbon hydrogen (C—H) bond vibration. A weak peak at 1450.30 cm (H1a centre)
was present in T.B.2 and T.B.3, but absent in S.G.1. The observed H1la centre is due to electron beam irradia-
tion and annealing [20]. The absence of H1a peak in the IR spectrum of S.G.1 could be that the diamond might
not have been annealed after irradiation.

UV-Vis NIR spectra. The absorption spectra of the five diamonds were measured at 77 K tem-
perature. Two spectra corresponding to S.G.1 and T.B.1 are given in Fig.4.

Spectra of S.G.1 & S.G.2 diamonds showed an absorption peak at 415 nm (N3) which is the
most common feature of type la natural diamonds [21]. A weak peak at 503 nm due to H3 centre was
also observed. Spectrum of S.G.1 had an absorption peak at 496 nm due to H4 centre. Both H3 and
H4 centres occur in diamonds that are exposed to natural or artificial radiations.

The absorption spectrum of T.B.3 has similar features like those observed in the spectrum of
T.B.1 that showed a huge absorption in the region of 350-380 nm. It is observed that in the absorption
spectra of diamonds T.B.1, T.B.2 and T.B.3, the most prominent peak was found at 741 nm which is due
to GR1 centre. It is an artefact of exposure of diamonds to ionising radiation (natural or artificial) [12].
Peak at 394 nm (ND1 centre) was present in T.B.1 and T.B.3, and weak signals at 430, 503 and
723 nm were also seen. G.Davies and A.T.Collins [22] reported that more neutral vacancies V° (GR1
centre) were present than those of V- (ND1 centre) in the diamonds exposed to electron beam irradi-
ation followed by annealing. A peak at 595 nm was seen in the absorption spectra of T.B.1 and T.B.3
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Fig.4. UV-Vis-NIR absorption spectra: « — S.G.1; b—T.B.1

which is attributed to primary radiation damage and annealing*. A similar observation was made by
A.Osvet et al. and they reported that these defects were also created by neutron irradiation in type la
natural diamonds [23]. Peaks at 676 and 723 nm were observed in T.B.1 and T.B.3 spectra which are
due to exposure to high energy radiation and subsequent annealing at high temperature. However, it
could not be seen in the absorption spectrum of intense blue coloured T.B.2 diamond. In this case
absorption was saturated in the regions of 200 to 400 nm and 550 to 670 nm, and thus the peaks
expected at 394, 595 and 676 nm were engulfed.

Photoluminescence spectra. Luminescence (photo-, cathodo-, thermo-luminescence etc.) spectra of
diamond provide characteristic emission peaks for identification of colour centres and defects [24-28].
PL spectra of the five diamonds were measured at liquid nitrogen temperature (77 K) using 405 nm
and 633 nm laser excitations and are given in Fig.5.

PL spectra of diamonds obtained with 405 nm laser excitation showed an intense peak at 415 nm,
due to strong N3 centre. Presence of this peak in all the five spectra indicates that these diamonds are
natural diamonds which is a corroboration to IR and UV spectral observations. Photoluminescence
spectra of diamonds S.G.1 and S.G.2 showed peaks at 415 nm (N3) and 503 nm (H3). PL spectrum
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Fig.5. PL spectra of S.G.1 (a) and T.B.3 (b) with 405 and 633 nm laser excitations

* Zaitsev A.M. Optical Properties of Diamond. Berlin: Springer — Verlag, 2001, p. 213.
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of S.G.1 also showed a peak at 536 nm which is present in natural diamonds. This is an indication of
radiation damage*. A weak peak at 470 nm (TR12 centre) is also observed in the spectrum
of T.B.3. It is reported that TR12 occurs due to high energy irradiation of both natural and synthetic
diamonds [29]. The observed peak at 575 nm is due to the presence of NV centre. This centre is
reported to be present in the nitrogen-containing natural and synthetic diamonds. An intense PL Peak
at 503 nm corresponding to H3 centre was present in the spectra of all the diamonds except that of
S.G.2. A feeble peak at 503 nm could be observed for S.G.2 using a higher laser power of
10 % (36 mW) instead of 1 % (3.6 mW) used for other diamonds.

Distribution of GR1 centre as a function of depth. Methods for changing the colour of the diamond
were evolved over the years and reviewed by various investigators [11, 30, 31]. Uniform surface colo-
ration can be achieved if the diamond is completely covered by uranium mineral or with an alpha source
in a laboratory. Such exposures resulting in uniform colouration of the diamond might rarely occur in
the earth’s crust. On the other hand, diamonds exposed to artificial ionising radiations like high energy
electron beams produce colour centres throughout the bulk [4]. Exposure of diamonds to high energy
neutrons or electrons cause changes in the diamonds and these changes were studied before and after
annealing the diamonds [25]. Depth and intensity of the colour depends on the energy and exposure
dose of the ionising radiation respectively. It is also possible that the irradiated diamonds might be
subjected to HPHT to optimise colour intensity [30]. In the case of diamonds, GR1 centres are expected
to be produced along the path of the interaction of ionising radiations. While treating with artificial
irradiation, generally care is taken to expose diamonds from all the directions so that colour is imparted
in the entire volume of the diamond. Therefore depth profiles in coloured diamonds in the present work
were measured from different directions using confocal Raman microscope.

A series of spectra as a function of depth were acquired to visualise 3D picture of the defect
distribution (Fig.6).

In all the spectra, peak areas and peak counts at the centroid corresponding to GR1 centre (741 nm)
as well as diamond Raman line (691 nm) were computed. By examining the data, it is clear that qualita-
tively the distributions obtained using peak area and peak counts for a chosen diamond are similar, and
nearly parallel. Therefore in further analysis, only peak counts as a function of depth were used.

N.J.Everall [13] and N.A.Freebody et al. [32] reported a detailed description to obtain precise
depth profiles using confocal Raman microscopy and stated that the resolution obtained is inferior
compared to other techniques. As the aim of the present investigation is to examine the GR1 defect
distribution for the type of radiation used and not to determine the exact depth, quality of resolution
was not an influencing factor in this study.
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Fig.6. Spectra as a function of Depth of T.B.2 with 633 nm laser excitation

* Zaitsev A.M. Optical Properties of Diamond. Berlin: Springer — Verlag, 2001, p. 244, 285, 279, 290, 317.

184
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2024. Vol. 266. P. 179-187 I [
© Rajendra M. Ardalkar, Yogesh D. Salunkhe, Mahesh P. Gaonkar, Sandesh N. Mane,
Omkar A. Ghaisas, Shripalkumar N. Desai, Annareddy V.R. Reddy, 2024

Peak counts were normalised in situ with 164 ' ' ' :
respect to intensity of one of the emission lines, o
which is present in the same spectrum. Inasimilar 14 ) T
situation, pertaining to nuclear fission and 3 127, . P AR TS
nuclear reaction studies [33, 34] one of the ¥= 1047 5" - T
authors used an internal normalisation method. =5 g m B3
Only condition was that the chosen emission line & & 06. : 61 1
(in y-spectrometry) should be present in every g ‘ v TB1
spectrum and has to have a correlation to the &> %47 | ¢ TB2
reaction under study. Similar treatment was 2 02- N
applied in the present studies as each spectrum 0.0, i e
has a Raman diamond line, peak intensity of 0 1o 20 30 40 50 60
which depends on the laser intensity, diamond Depth, jum
weight, detection efficiency etc. Therefore dia- Fig.7. Depth profile of all diamonds

mond line has been used for in situ normalising using normalised GRL peak counts

the intensity of 741 nm peak, point by point as a function of depth. On this premise, GR1 data were
divided point by point by corresponding Raman peak areas that were normalised with respect to laser
power. A similar normalisation procedure was used by S.C.Lawson et al [35] and E.A.Vasiliev et al. [36].
Normalised data were used to obtain defect distributions which are given in Fig.7.

From Fig.7 it is clear that in the profiles of S.G.1 and S.G.2 intensity decreased drastically ini-
tially and later became nearly a parallel line to X-axis with slow (no change) in the peak counts as a
function of depth. Thus both the curves showed two distinct slopes, a rapid reduction in the peak
counts up to 10 um and from there onwards with slow (no change). This indicates that the colour of
the diamonds is only a few um deep from the surface. This confirms that these two diamonds might
have been exposed to short range a-radiations. Thus the presence of GR1 centre could be due to
interaction of a-rays, with diamond, either produced from an o emitting source like Uranium in earth’s
crust or from an o emitting source in the laboratory. This also could be achieved in the laboratory by
exposing diamonds to low energy heavy ion beams. Observed uniform colouration indicates that these
diamonds could have been further treated.

Defect distribution profiles of other three diamonds are also given in Fig.7 with squares (T.B.3),
inverted triangles (T.B.1) and rhombuses (T.B.2). In all the three profiles, an initial slow rise is ob-
served up to around 10 pm and there onwards started decreasing slowly [37]. Initially the laser working
distance is kept at maximum which corresponds to surface (zero depth) of the diamond. Thus the
peak area and peak counts corresponding to GR1 are due to excitation by laser and emission of GR1
from the atoms on the surface of the sample. As the laser is brought closer to the diamond surface,
laser beam penetrates more depth in the diamond and interacts with more GR1 centres
resulting in an increase of intensity of GR1 peak. It is possible that some of the 741 nm photons,
while penetrating through the diamond layers might get self-attenuated before coming out of the sur-
face, that results in the reduction of intensity. It is also possible that other defects in the diamonds, if
present in the path could also influence the intensity by absorbing emitted PL photons. Net result is
an increase in the intensity of 741 nm PL peak.

After reaching a maximum intensity, rate of emission of 741 nm (GRL1 centre) could become
constant with the depth whereas self-attenuation of these photons and loss due to absorption by other
defects will continue. This might result in a slow decrease in the intensity of 741 nm as a function of
depth as shown in Fig.7.

From this, the depth of GR1 in S.G.1 and S.G.2 diamonds was estimated as about 10 pm.
In the case of artificially irradiated diamonds the near parallel curves (lines) to X axis suggest
that the radiation effect is nearly uniform. This could be due to the volumetric effect of artificial
irradiation of diamonds and/or diamonds after exposure could have been further treated. It is
possible that the observed decrease in the intensity (Fig.7) could be used to find out the range of
the radiation used. However, no attempt is made to calculate the same, as it is not the main objective
of these studies.
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Conclusions. Five coloured diamonds were investigated to find out whether they were exposed
to natural/artificial radiation. IR, UV-Vis and PL spectral studies were used to characterise these di-
amonds as type la natural diamonds. From UV-Vis and PL spectra, it was found that three diamonds
were exposed to long range artificial radiation. This was further confirmed from the measured defect
distribution profiles of all the five diamonds, measured by tagging PL peak at 741 nm (GR1 centre)
using Confocal Raman Microscope with laser 633 nm as an excitation source. GR1 depth distribu-
tions of S.G.1 and S.G.2 diamonds showed two slopes, one corresponding to the contact of diamonds
with materials like uranium and its daughter products in the earth’s crust which emit short ranged
ionising a particles as well as long ranged 3 and y rays. Second slope is due to exposure to only long
ranged B and y rays. It is also possible that these diamonds might have been exposed to a-radiations
from alpha sources like uranium, in the laboratory. As a function of depth, the second part of the curve
became nearly parallel to X-axis. In the case of T.B.1, T.B.2 and T.B.3 diamonds, depth distribution
profiles showed initial rise up to 10 um and later a slow decrease was observed. When normalised with
respect to diamond line intensity, the curves became nearly parallel to X-axis. This indicates that the
GR1 centres are present uniformly throughout the volume of these diamonds. This could have been
achieved by exposing to ionising radiations like long ranged electron beam followed by annealing.

Thanks are due to Dr. Anik Goswami for his help during the preparation of the manuscript.
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Abstract. The article presents a study of the Earth’s crust and upper mantle in the Pechenga ore region, as well as areas
adjacent to it in the northwestern part of the Kola region. Applying the receiver function technique to data acquired
by three broadband seismic stations, we obtained one-dimensional seismic velocity distribution models to a depth of
300 km. The stations are located in the northern parts of Finland and Norway, as well as in the Pechenga region of the
Russian Federation. Despite the stations being in relatively close proximity (within 100 km of each other), the velocity
models turned out to be significantly different, which indicates structural discontinuity within the lithosphere. Thus,
Finland station data set revealed a gradient crust-mantle transition, which is not present in the other two models.
At depths of about 150 km, a low-velocity zone was discovered, associated with mid-lithospheric discontinuity, which
was not found beneath the Pechenga ore region. Furthermore, the crustal structure of the Pechenga region has an anoma-
lously high Vp/Vs ratio to a depth of about 20 km. Considering the fact that the Pechenga (Nikel) seismic station was
installed in close proximity to major copper-nickel deposits, this anomaly can be interpreted as a relic of Proterozoic
plume activity.
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Introduction. The Fennoscandian (Baltic) Shield is one of the most well-studied Precambrian
regions on Earth. Its core area was formed in the Paleoproterozoic, and consists of the Svecofennian
province (1.8-2.0 Ga) and the Transscandinavian Igneous Belt (1.6-1.8 Ga). In addition, at its south-
western end there is the Sveconorwegian belt with an age of 0.9-1.2 Ga [1]. The most ancient Archean
rocks are exposed in the northeastern part of the Shield on the Kola Peninsula, which, in turn, consists
of three major tectonic elements — the Murmansk, Kola, and Belomorian blocks (the Kola and Be-
lomorian blocks are usually combined with smaller Umba-Terskii and Strelna terranes into the Lap-
land-Kola orogen [2]). The location of the major tectonic elements is shown in Fig.1. Thus, in the
structure of the Fennoscandian Shield, the oldest formations are found in the east, while the more
recent ones (from the perspective of geological time) are found towards the west, which, considering
the absence of sedimentary sheath, makes it a convenient area for studying the evolution of the Earth.

The Lapland-Kola Orogen (LKO) in the central part of the Kola Peninsula is located between the
Murmansk block in the north and the Karelian block in the south. It is a well-exposed part of the Shield,
where all the most important tectonic elements are observable. Thereby, it provides an understanding
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Fig.1. Tectonic sketch of the Fennoscandian Shield according to [3, 4] (a)
and detailed tectonic map of the Kola region according to [4, 5] (b).
Red triangles mark the positions of the seismic stations VADS, NIK, and KEV
used in this work; the purple rectangle shows the study region

of the geodynamic process patterns of the Neo-Archean to Paleoproterozoic. The LKO was the centre
of major plume processes in the Late Neoarchean and early Paleoproterozoic [6-8], which led to rifting
and splitting of the Kenorland supercontinent [9-12]. Afterwards, it led to the formation of the oceanic
crust, subduction zone, and generation of the Paleoproterozoic juvenile continental crust [13, 14]. In
addition, LKO is known to be abundant with large deposits of nickel and iron ores, apatite, platinum,
palladium, titanium, baddeleyite, etc.

The article presents the results of new seismological studies regarding the northwestern LKO
lithosphere structure. The Pechenga ore region and “Nikel” (NIK) seismic station located within it
deserved our special attention. Researching this region’s structure may lead to solutions for a wide
range of fundamental scientific issues. Additionally, Pechenga holds one of the largest sulphide cop-
per-nickel deposits in the world, and its genesis is of major interest.

The initial studies of the Pechenga region’s deep structure began in 1960-1963 under the leader-
ship of 1.V.Litvinenko of the Leningrad Mining Institute, and used the method of deep seismic sounding
along its Barents Sea — Pechenga — Lovno profile, and were later continued by many other scien-
tists [15]. In addition, within the Pechenga region, a unique experiment on superdeep drilling of the
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SG-3 well (i.e. the Kola Superdeep Borehole) was carried out. The Earth’s crust was penetrated to a
depth of 12,262 m, which allowed scientists to verify the results of indirect geophysical research with
direct observations. As new data accumulated and the general understanding of the Earth’s evolution
changed, the theories around the development of the Pechenga structure and the mineral deposits’
genesis have changed as well. According to the current scientific consensus, their genesis is attributed
to Paleoproterozoic plumes that contributed to the rise of primitive magmas and undepleted material
to the surface. Traces of these plumes can still be detected today [16, 17].

Methodology. To obtain deep velocity sections, the receiver function (RF) technique was used.
It is based on the use of the converted phases of teleseismic waves forming at contrast seismic boundaries
in a close proximity beneath a seismic station. These converted waves characterize the part of the
medium in which they were formed. Thus, RF results can be effectively localized and interpreted by
estimating the depth the converted waves formed at (conversion points).

The method is divided into two parts according to the types of converted phases used — the
P-receiver function (or PRF), analyses P-S (Ps) converted waves and their multiples, and, accord-
ingly, the S-receiver function (or SRF) analyses S-P (Sp) converted waves and their multiples. Joint
inversion of PRF and SRF allows us to obtain a stable one-dimensional velocity section of the Earth’s
crust and upper mantle [18, 19].

To obtain the receiver functions, we used a well-tested and reliable approach that is described in
detail in [20]. Thus, we will discuss only the main aspects. The key elements of this methodology are
as follows: at the first stage, we selected seismic events according to their epicentral distances; the
criteria of epicentral distances for PRF analysis is 30-100°, while for SRF analysis it is 65-100°. The
event parameters for this analysis (origin time, depth, and coordinates) were taken from the Global
Centroid Moment Tensor Catalog (GCMT Catalog) [21, 22]. In addition, due to remote epicentral
distances, earthquakes with a magnitude of less than 5.5 were not considered. We handpicked events with
an impulse waveform of the first incident wave (P for PRF and S for SRF) and a high (more than 3)
signal-to-noise ratio. The seismogram of each selected event was filtered (a second-order Butterworth
filter with a corner period of 5 s was used to obtain PRF, and 8 s for SRF) and then their standard
ZNE three-component coordinate system was rotated to a LQT ray coordinate system for PRF and
LAB for SRF. In the LQT ray coordinate system, the L component coincides with the oscillation di-
rection of the incident P wave, Q is perpendicular to L in the P-SV plane, and T is orthogonal to the
LQ plane. In the LAB coordinate system, the L component corresponds to the direction of the move-
ment of the incident wave, and A to the direction of polarization of the S wave. B is orthogonal to L
and A. To standardize the recordings and minimize the influence of the focal mechanism, we applied
deconvolution to each individual RF under the assumption that the L and A components in PRF and
SRF are determined up to a normalizing factor by the shape of the incident wave and are near-inde-
pendent of the medium parameters. During the deconvolution, we selected and applied to all compo-
nents a filter that brings the observed waveforms on the L and A components closer to the gaussian
shape.

To identify the converted phases that describe the seismic boundaries in the Earth's crust and
upper mantle, the individual receiver functions we selected and prepared were stacked together. The
stacking mechanisms for PRF and for SRF are different. For PRF, individual functions were stacked
with adjustments that correspond to the beam parameter of a given incident wave and the depth of
the conversion point. All events were reduced to the same beam parameter value — 6.4 s/deg. For each
target depth and for each event, individual time corrections were estimated, by which the seismo-
grams were shifted relative to each other before stacking. Stacked traces were estimated for multiple
assumed conversion depths. The SRFs were stacked considering the weighting indices for the noise
level on each of the traces and for the deviation of the incident S-wave polarization from the P-SV
plane, as well as relative to the reference (usually average of all individual records’) epicentral dis-
tance. The method for estimating these indices is given in detail in [23].
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To obtain deep velocity models, we carried out the joint inversion of PRF and SRF. The search
for optimal models (minimization) was conducted using the Levenberg — Marquardt algorithm [24].
A model of the medium consisting of laterally homogeneous layers was used. The forward modelling
of estimating synthetic receiver functions was done using the Thomson — Haskell matrix algorithm
[25]. To obtain the required velocity models, a probabilistic-statistical approach was used with the
generation of multiple random trial a priori models. The main advantage of this approach is inde-
pendence from any initial velocity model.

In the given research, the varied parameters for the individual models were: the shear wave ve-
locity Vs, the ratio of the primary and shear wave velocities Vp/Vs, and the thickness of each layer;
the medium was set to consist of 14 layers. For the data from each seismic station, 100,000 random
initial models and synthetic PRF and SRF were calculated, which were then minimized. The final
velocity model was built as the median of a sample of 2-3 % of the best solutions (those synthetic
PRFs and SRFs that best correlate with observations). To stabilize the inversion and estimate the
absolute velocities along the section with increased precision, the converted waves’ travel time dis-
crepancies from the boundaries of 410 and 660 km in the upper mantle relative to the IASP91 model
(Atp and Ats) [26] were also included in the inversion, which is demonstrated in [27]. To obtain the
final distribution of varied parameters, the model parameter space was divided into cells. The solution
is presented as a region saturated with minimized random initial models, where synthetic PRF and
SRF best coincide with the observed data. The cells with the largest number of selected minimized
trial models have been highlighted. The method used is described in detail in [28].

Data. As the data for this research, we used seismic recordings accumulated by the new
NIK seismic station, which is located in the village of Nikel, Murmansk Region, near the largest
copper-nickel deposits of the Pechenga region. The station was launched in 2020 and is equipped
with a broadband velocimeter with a frequency range of 0.03-50 Hz and a RefTek 130 seismic
recorder.

To assess the quality of the recordings obtained by the new NIK station, the levels of microseismic
background noise were examined. To do this, we estimated the spectral noise power density SPM (Fig.2)
based on the records of each of the components (Z, N, E) for the full set of continuous seismic data for the
entire recording period; that data was compared to the permissible values for this parameter obtained
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Fig.2. Noise power spectral density
for each of the component (SPMz, SPMn, SPME) for the NIK station data.
NLNM and NHNM — minimum and maximum permissible values of this parameter
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during the observations of 75 “reference” seismic stations of the global network™. The level of microseis-
mic noise did not exceed the standard values in its entire registering range; moreover, the station can be
classified as “quiet” when analyzing signals over up to 15 s periods.

In addition to the NIK station data, our research incorporates data from two other broadband seis-
mic stations of the Global Network located in the northwestern part of the LKO — Vadso (VADS) and
Kevo (KEV). Both stations are permanent and have been in operation for more than seven years. They
are equipped with broadband velocimeters with a maximum recording period of at least 120 s, which
ensures high quality of recorded seismic data. The main parameters of the seismic stations used are
provided in the Table below.

Basic parameters of seismic stations and the number of estimated individual PRF and SRF receiver functions

S(t;e(i)t(ij(;n Sr:zgqc;n Latitude Longitude | Launch year Sensor type Bandwidth, Hz PRF SRF
NIK Nikel 69.24 30.13 2020 RefTek 151-30 0.03-50 41 32
VADS Vadso 70.12 29.36 2016 Trillium 120 PA 0.008-30 85 143
KEV Kevo 69.75 27.00 1993 STS1 0.002-10 247 200

Based on the analyzed seismic data, 143 individual SRFs and 85 individual PRFs were obtained
from the VADS station; from the KEV station — 200 SRFs, 247 PRFs; from the NIK station —
32 SRFs, 41 PRFs. The distribution of epicentres for the selected events is shown in Fig.3. The dis-
tribution of the epicentres for the selected events makes it possible to avoid azimuthal dependence
when obtaining velocity models after stacking individual PRFs and SRFs. That is also true for the
NIK station, which has the lowest amount of accumulated data. The azimuth values in degrees are
plotted along the perimeter of the grid, and the epicentral distances in degrees are plotted along the
azimuthal directions.

Results. The receiver function method is characterised by high sensitivity to seismic velocity
contrasts and relatively low accuracy when it comes to absolute velocity estimates. This issue can
be resolved by using the values of the detected travel time discrepancies of the converted waves
formed at the boundaries of the phase transition zone in the upper mantle at depths of about
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Fig.3. Epicenters of seismic events for PRF and SRF
for KEV (a), VADS (b) and NIK (c) stations

* Peterson J. Observation and modeling of seismic background noise: Open-File Report 93-322. Albuquerque: U.S. Department
of Interior, Geological Survey, 1993, p. 94. DOI: 10.3133/0fr93322
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410 and 660 km [27]. In addition, the presence ¢
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Fig.4. Stacks of PRF records for
KEV (a), VADS (b), and NIK (c) stations

velocity layer is also observed at the KEV station, (the observed delay times of the maximum amplitudes

it ic <ianifi of converted waves relative to the arrival time
but it IS_ Slgmflcantly less pro_nounced: For the of the first P-wave are indicated in parentheses;
NIK station data, the low velocity layer is not ob- the target conversion depth is indicated for each trace)
served.

The velocity structure of the Earth's crust within the research area does not reveal any common
distinguishable features or seismic boundaries of high contrast (Fig.6). The average velocity values
in the crust calculated using VADS station data are significantly higher than both the values of the
standard 1ASP91 Earth velocity model and those observed at the KEV and NIK stations. However, a
significant difference in the crust-mantle transition structure is apparent. According to the VADS
station model, it appears as a well-defined boundary at a depth of about 46 km, while for KEV station
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1 — final median models; 2 — the boarders of the formation of trial initial models; 3 — IASP91 model

the model around this depth shows a relatively smooth velocity gradient and velocity values reaching
standard values for the mantle at a depth of about 55 km. In the NIK model, two boundaries are identi-
fiable in the lower crust at depths of 37 and 47 km; moreover, the modelled velocities match a standard
mantle at a depth of about 47 km, which makes it preferable for determining the depth of the Moho.

Discussion. Despite the stations being in relatively close proximity, the obtained velocity models
indicate that the lithosphere velocity structures in the northwestern part of the LKO vary significantly.
Moreover, differences can be traced not only in the crustal structure, but in the upper mantle as well.
The consistency of results across all stations is achieved using structural features analysis for the
410 and 660 km boundaries.

Based on the Vs distribution model, obtained for the VADS station, we observe a low-velocity
layer in the upper mantle at depths of 140-170 km. The KEV station reveals a decrease in seismic
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Fig.6. Shear wave velocity models to depths of about 70 km for KEV (a), VADS (b) and NIK (c) stations
(for symbols, see Fig.5)
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velocities at the indicated depths as well; however, it is not easily identifiable and it is impossible to
reliably confirm or deny the presence of a low-velocity layer for this station. The relatively shallow
depths (about 140-170 km) at which this layer was discovered do not allow us to associate it with the
asthenosphere [29]. It is possible that our models marked the mid-lithosphere discontinuity or MLD.
The presence of this layer in various regions of the Earth, including the Fennoscandian Shield, was
first described using seismic data in [30]. This layer appears to be global, at least for craton areas.
However, its depth, thickness, and seismic velocities vary within different tectonic structures and
probably depend on local geological history [31-33]. It is worth noting that for most regions of the
Earth, this layer is characteristically present at the depth range of 100-150 km, including for the cen-
tral and eastern parts of the Kola region. Analyzing data obtained by the “Kvartz” superlong profile
conducted using peaceful nuclear explosions, the presence of the low-velocity layer is shown at the
depths of about 80-140 km [34]. For Finland, seismic tomography data has identified a low-velocity
layer with parameters, which differ for the northern and southern parts of the territory. In particular,
its depth was shown to increase in a northerly direction. [35]. In the area where the KEV station was
installed, the low-velocity layer was observed at a depth of about 180 km, which does not contradict
our estimates, considering the greater accuracy of RF at those depths.

At present, there is no model describing the formation mechanism and nature of mid-lithospheric
discontinuity (MLD). Among the hypotheses expressed, the following can be distinguished: rheolo-
gical — layering at a temperature close to the solidus point [36]; petrophysical — layering under con-
ditions of either partial submergence of the substance [37] or in the presence of basaltic melts [36, 38];
change in deformation properties with depth [39].

Dissimilarities in the depth and character of the crust-mantle transition cannot be unambiguously
interpreted using models obtained from the KEV, VADS, and NIK stations, as data from three seismic
stations is not sufficient to provide a complete understanding on a regional level. In order to signifi-
cantly alter the Moho structure, a large-scale tectonic process is required. It would be most logical to
associate with Caledonian orogen formation artifacts, developed as a result of the collision of the
Baltica-Avalonia-Laurentia microcontinents [40, 41]. The change in the sharpness of the Moho can
be associated with reorganisation during deformation, which possibly led to dissolution of the high-
velocity layer within the lower crust that is found in central and southern Sweden [42] (and which
may have been metamorphosized into eclogites, locally found on the surface along the coast of
Norway).

Of greatest interest is the deep structure model of the Pechenga region obtained using the new
NIK seismic station data (Fig.7). It is located in close proximity to the major copper-nickel deposits
of Kotselvaara-Kammikivi and the Zhdanovskii eastern ore cluster, and 42 km from the SG-3 Kola
Superdeep Borehole.

In the resulting NIK Earth's crust velocity structure model, contrasting seismic boundaries are
not detected. In the lower part of both the Vp and Vs velocity section, two seismic boundaries are
observed at the depths of 37 and 47 km, respectively. The velocity values match the standard for the
upper mantle at the depths of about 47 km. The complex two-stage structure of the crust-mantle
transition with two boundaries — M1 and M2, is generally confirmed by other geophysical methods
[43, 44]. Such “splitting” of the crust-mantle transition can be interpreted as a large-scale tectonic
process relic, for example, a mantle diapir or plume, which is believed to have existed in the
Pechenga region in the Proterozoic [16]. It should be noted that traces of mantle diapirs in the modern
geological structure have been found in various regions of the Earth (for example, in the Russian Far
East [45]).

Another distinct feature of the new depth models obtained is the anomalously high Vp/Vs parameter
(~ 2) zone, which is observed from the surface to the depth of about 20 km. Velocity models obtained
by the RF method can be spatially localized for a given depth. To determine a region that is charac-
terized by velocity patterns, conversion points can be estimated, i.e. projections of converted wave
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formation points onto the surface for a given depth. Fig.7 shows the conversion points
for a depth of 20 km and outlines the area characterized by the resulting velocity models for the
given depth. The presence of a zone with such a high Vp/Vs ratio within the Earth’s crust
may indicate not only a preserved intermediate magma chamber [46], which may contain ore
mineralization, but also the preservation of a relict magma channel through which the material
reached the surface.

Direct comparison between the velocity sections obtained in this research and the results of
SG-3 studies is complicated for a number of reasons. This is primarily due to the long-period
nature of the data used in the RF technique, which leads to significant lateral averaging, which
does not allow us to distinguish layers several hundred metres thick, which were observed during
the Kola superdeep well experiment [47]. In addition, the SG-3 research provided significantly
more accurate Vp velocities, while the RF method is more focused on determining Vs. It should
be noted that the seismic velocities obtained by the author are in qualitative agreement with the
values shown in the SG-3 section and with modern spatial regional tomographic models of the
Pechenga region [43, 47].
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Fig.7. Map of the Pechenga region (a) and velocity models (b) of Vs, Vp/Vs, and Vp with depth
(for symbols, see Fig.5)
1 — area characterized by velocity models at the depth of about 20 km; 2 — state border;
3 — NIK seismic station; 4 — Kola superdeep well; 5 — Kaula-Kotselvaara mine;
6 — PRF conversion points for a depth of 20 km; 7 — SRF conversion points for a depth of 20 km
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Conclusion. Seismological data from three seismic stations located in the northwestern part of the
Lapland-Kola orogen was analyzed. Two of these stations are well established, KEV in northern Finland
and VADS in the northeastern part of the Norwegian Caledonides, joining them in 2020 was the NIK
station, established in the Pechenga ore region. As part of the research, it was shown that the lithosphere
in the research area has a heterogeneous velocity structure not only within the Earth’s crust, but also in
the upper mantle, to a depth of approximately 200 km. In the upper mantle structure, a zone of lower
velocities can be traced at depths of about 150 km, most likely associated with mid-lithospheric disconti-
nuity. MLD is most clearly manifested in northern Finland, hardly observable beneath the Norwegian
Caledonides, and is not observed beneath the Pechenga region. Significant differences were revealed in
the structure of the crust-mantle transition, represented by a single discontinuity at a depth of 46 km
(VADS station), a gradient layer with seismic wave velocities reaching standard values for the mantle at
a depth of about 55 km (KEV station), and a complex zone with two boundaries at the depths of about 37
and 47 km beneath the Pechenga region (NIK station). Considering the absolute values of velocities, the
lower boundary detected at the NIK station looks preferable for detecting the Moho.

The Pechenga region model indicates the presence of anomalously high values of the Vp/Vs
ratio (~ 2) from the surface to depths of about 20 km in the area of the major copper-nickel deposits
of Kotselvaara-Kammikivi and the Zhdanovskii eastern ore cluster. Such high values are indicative,
in particular, of undepleted mantle rocks, and may be associated with an intermediate magma cham-
ber relic formed during the Proterozoic rifting.

The identified anomalies in the structure of the crust-mantle transition, Vp/Vs values, as well as
the absence of MLD beneath the Pechenga region (its presence was shown in the neighbouring areas)
can be jointly interpreted as artifacts of the Proterozoic plume magmatism stage, characteristic of the
Pechenga region and confirmed by geological and geochemical research [16].
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Abstract. Consideration is given to results of geochemical analysis of organic matter and oils of the Proterozoic (the RF-V
complex) and the Paleozoic (the pay intervals D2, D3, Ci-2) of the eastern part of the Volga-Urals petroleum basin. The
obtained data is corroborated by results of 2D basin modeling along four regional profiles two of which are situated in the
Kama and two in the Belaya parts of the Kama-Belaya aulacogen. An update is given to earlier data on degree of
catagenetic alteration of oil/gas source rocks of the Riphean-Vendian play, maps of catagenesis are constructed. New
evidence is provided concerning presence of Precambrian oils in the Paleozoic plays. The oils under investigation are
mixed — those formed from generation products of the Precambrian (Riphean, Vendian) and Paleozoic (Devonian and
Early Carboniferous) source rock intervals. The results of modeling have shown that the principal source rock intervals in
the RF-V play of the Kama part of the Kama-Belaya aulacogen are deposits of the Kaltasy formation of the Lower Riphean
and the Vereshchagino formation of the Upper Vendian, while in the Belaya part these are rocks of the Kaltasy, Kabakov,
Olkhovo, Priyutovo, Shikhan and Leuza formations of the Riphean and the Staropetrovo formation of the Vendian. It is
found that the interval of the main oil and gas window increases in the southeastward direction. In both depressions of the
Kama-Belaya aulacogen, a single oil play is distinguished that functions within the stratigraphic interval from the Riphean
to the Lower Carboniferous. As the principal petroleum source rock intervals within this play, Riphean-Vendian deposits
are considered, reservoirs are confined to the Riphean carbonate complex, Upper Vendian and Middle Devonian clastic
deposits, while the Upper Devonian — Tournaisian deposits serve as the upper seal.
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Introduction. Analysis of possible oil and gas sources in petroleum basins is one of the key
objectives in search for hydrocarbon (HC) accumulations. Evaluation of possible HC sources is
especially critical in such basins where presence of several source rock intervals is predicted. One
of such objects is the Volga-Urals petroleum basin. The said region is situated in the east of the
East European platform and is confined to the Volga-Urals anteclise. The basin’s sedimentary
cover is presented by Riphean, Vendian, Devonian, Carboniferous, and Permian deposits.
Structurally, it is divided into two major complexes — the aulacogen (RF) and plate (V-P) ones.
Stratigraphic scope of the Riphean complex of the lows within the Kama-Belaya aulacogen is
different [1, 2], therefore in this work these deposits are analyzed separately — for its Kama and
Belaya parts.

Commercial oil and gas presence of the Volga-Urals petroleum basin is mainly associated with
petroleum plays of the clastic Devonian (the Ardatov, Mullino and Pashiya horizons), Upper
Devonian (terrigenous-carbonate deposits of Frasnian and Famenniasn age), Lower (Tula and
Bobriki horizons) and Middle Carboniferous (Bashkirian-Moskovian deposits), it is not unusual
that Lower Permian (Asselian, Sakmarian and Artinskian) deposits demonstrate oil and gas
presence. The underlying Vendian deposits include several small-size (Sokolovo, Siva, Sharkan,
Debes) oil fields [1, 3, 4].
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The cause for a practically total absence of HC accumulations in the Riphean-Vendian (RF-V)
play is not completely clear up-to-date. This is possibly associated with destruction of previously
formed accumulations or with availability of a merely insignificant amount of organic matter for
hydrocarbon generation. Unavailability of an impervious top seal in the RF-V play is considered as
the cause for such situation (D.l.Ivanov, 2008), due to which hydrocarbons generated by Riphean-
Vendian rocks migrated and concentrated in the overlying Paleozoic sediments (Pz) [3].

Based on data of a literature review and own analytical research, analysis of accumulation and
alteration of Riphean, Vendian and Upper Devonian-Tournaisian organic matter was conducted. Based
on a limited set of biomarker parameters (distribution of normal alkanes, cheilanthanes and steranes)
a genetic link of Paleozoic and Proterozoic oils with Precambrian organic matter was established”,

Results of the performed 2D basin modeling corroborated the data obtained earlier and also made
it possible to reveal spatial and temporal peculiarities of development of the oil plays of the part of
the basin under investigation.

The goal of this research was to analyze the influence of RF-V source rocks upon formation of
hydrocarbon potential of the sedimentary cover of the eastern part of the VVolga-Urals petroleum basin
based on biomarker analysis and 2D basin modeling.

Obijectives:

* Collect and analyze data on geological framework and hydrocarbon potential of Riphean-
Vendian deposits of the eastern part of the Volga-Urals petroleum basin.

« Consider the available publications concerning composition (biomarkers including) of organic
matter in Proterozoic source rock intervals in Russia and worldwide.

« Perform geochemical analysis of organic matter of Precambrian deposits and oils of the V2, D,
D3, C1-2 plays using methods of isotopic geochemistry and chromato-mass-spectrometry.

+ Based on the thus obtained material, construct 2D basin models along regional profiles within
the Kama and Belaya depressions of the Kama-Belaya aulacogen.

* Analyze performance of oil plays of the region, assess the role of source rock intervals of
various ages in the formation of petroleum potential of the region, and present a model of petroleum
plays non-contradictory to the available information.

Materials and methods. Geochemical analysis. There have been analyzed 12 oil samples and
8 samples of bitumoids extracted from Precambrian source rocks (V2kc — Kocheshor formation). Oil
samples were selected based on spatial closeness to near-flank zones of the Kama-Belaya aulacogen
(proceeding from the recommendations suggested in the previous work [3]). Utilized were oil samples
from pay intervals of the following areas: Debes (V2kr), Sokolovo (V2kr), Siva (Dstm), Kudymkar (Dstm),
Krasnokamsk (Dstm), Kuyeda (D2ps), Kasib (D2ps), Mishkino (Dzdm), Kuligino (D), Savino (Cait)
and Gozhan (Cibb). Bitumoids were extracted from carbonaceous deposits of the Kocheshor
formation (V2kc) of the Efimovo area (Fig.1).

Separation of extracts and oils into groups was conducted on glass columns filled with ACKI'
grade silver-impregnated silica gel with grain size of 0.1-0.2 mm. After drenching of silica gel with
hexane, a sample weight of maltenes was transferred into the column. Thereafter, elution of the
paraffin-naphthene HC fraction with hexane was conducted. The aromatic HC fraction was desorbed
and eluted with toluene. Upon completion of separation, flasks with fractions were put under exhaust
hood until complete evaporation of the solvent. Subsequent geochemical analysis of analytical groups
in organic matter and oils was made by the chromato-mass-spectrometry method on the Agilent
6890B chromatograph furnished with Agilent 5977A MSD mass-spectrometer.

Basin modeling. Performing 2D basin modeling made it possible to reveal and illustrate spatial-
temporal peculiarities of the development of petroleum plays in the part of the basin under investigation.
In this work, four regional profiles were utilized — one near-east-west and one near-north-south ones
for each of the Kama and Belaya depressions of the Kama-Belaya aulacogen correspondingly (Fig.1).

*The idea concerning possible presence of oils generated by Precambrian source rock intervals in the Paleozoic plays was
suggested at various times by V.l.Kozlov, K.R.Chepikova, I.A.Larochkina, G.N.Gordadze, et al. However, no comprehensive
argumentation in favor of this idea has been presented up till present.
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Fig.1. Factual basis map on tectonic base
Structures of the Kama-Belaya aulacogen:
| — Kama depression; Il — Belaya depression;
111 — Oriebash-Tatyshly-Chernushino uplifted zone; IV — Druzhinino bulge;
V — Osintsevo-Krasnoufimsk bulge; VI — Novotroitsk terrace

Source data were borrowed from field level reports of various years (2005-2009). Length of the
profiles totals to more than 1450 km. Sections in the models were populated with stratigraphy and
lithology in accordance with regional schemes, paleogeography reconstructions and well data [1].
Modeling was performed using several scenarios — with and without availability of source rock
intervals in the RF-V play. The lithology characteristic was downloaded with due regard for various
paleofacies maps and reconstructions (Fig.2).

The model takes in due account the erosion events that took place in the territory of the Volga-
Urals petroleum basin. At the Riphean-Vendian boundary, thickness of deposits being eroded did not
exceed 1500 m, at that a maximum thickness of eroded sediments is characteristic just of the northern
regions [5, 6]. The beginning of the Early Paleozoic was also marked with a significant erosion event
for the eastern margin of the East European platform. Up to 1000 m of Riphean-Vendian deposits were
supposedly denudated at that time. At the end of Late Permian and beginning of Triassic, the territory
again experienced upward movements, that having resulted in “cutting-off”” of up to 250-300 m of rocks.

Fault tectonics. During the time of its formation, the territory of the basin under consideration
has experienced rather a lot of alterations caused by the geology evolution of the region and to a
greater extent by its geodynamic rearrangements. Manifestations of fault tectonics are traced at all
structural stages. Within the eastern part of the VVolga-Urals basin, principal zones of fault tectonics
manifestation are confined to boundaries of various basement blocks (the Tatar, Bashkir and Perm
arches), that having been caused by Archean-Early Proterozoic processes of formation of
consolidation zones of protoplaforms. Northwestern (almost meridional) strike is typical of these
faults. It is supposed that “opening” of the available faults took place in the time period of tectonic
activation (at the end of Vendian and in the Late Permian-Triassic).
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Boundary conditions. Heat flux values versus time were matched in accordance with the
geotectonic regime of the basin’s evolution [7]. At the Riphean (aulacogen) stage in the zones of
active rifting (the eastern part of the area) heat flux values reached 50-60 mW/m?. The time of closure
of the rift basin in RFs-V1 was characterized by a moderate heat flux of up to 50 mwW/m?, At the
Vendian-Cambrian boundary heat flux could increase to values of 55 mW/m?2. Further on, up to the
Permian-Triassic boundary heat flux was stable (at a level of 40-50 mW/m?). Thereafter at the Meso-
Cenozoic stage, heat flow values reduced, especially in the western parts of the study area (down to
the level of 19 mW/m?). Heat flux values were ranked area-wise and section-wise. Maximum values
of the said parameter are observed in depression parts of the section. Data on values of present-time
formation temperatures were taken from reference books and depository reports. The parameters
introduced into the model are presented in Table 1.

Table 1
Characteristics of source rock intervals
Rocks Lithology Thickness, m Organic matter type TOC, % Hlp, mgHC/gTOC
RF1sz Argillite (cuUr‘r?utI(;t?\(/)gly) I 15 900
RFar Dolomitic marl Up to 100 Il 15 600
RFzol Argillite Up to 50 l 0.47 400
RFsshn Argillite Up to 50 1l 0.53 650
Vavr (sp) Argillite Up to 100 Il 5 710
Doaf Argillite 30 /11 1.0 250
Dsfr-fm Siliceous argillite Up to 60 Il 2.0-10.7 600-710
Cavr Carbonaceous argillite 30 1/ 0.54 300

Characteristics of source rock intervals. As the input parameters, there were used analytical values
of total organic carbon content (TOCo) and hydrogen index (Hlo) recalculated to initial values. The
detailed description of organic matter of source rock intervals was presented in the previous work [3]
and is also shown in Table 1. In light of the fact that organic matter of various (in age, type and areal
extension) source rock intervals has various individual characteristics, the kinetic models selected for
modeling only partly reflect the character of realization of generation potential of the deposits under
investigation.

The degree of catagenetic alteration of organic matter in various source rock intervals was
assessed based on literary data [2, 8, 9]. Calibration of the models was made by data of present-time
formation temperatures from wells located in the areas: Kanchura, Tavtimanovo, Kushkul, Lyublen,
Tabyn, Debes, East Krasnogorsk, Lozolyuk, Yeseney, Baklanovo, Yelniki, and others (Table 2); by
values of Ro ((Vitrinit) Reflection in oil) taken from maps, and by zones of catagenesis identified
previously by the authors [4, 8, 9]; and by location of hydrocarbon fields area-wise and section-wise.

Geological characteristic. Tectonics. Tectonic appearance of the study area is presented by three
structural stages. The lower — aulacogen stage is located within boundaries of the Kama-Belaya
aulacogen — it comprises ancient-laid structures. It is divided into the Kama and Belaya depressions
separated by the Oriebash-Talyshly-Chernushino uplifted zone. In the east, there are identified uplifted
blocks of the crystalline basement — the Osintsevo-Krasnoufimsk and Druzhinino bulges (see Fig.1).

In the middle (syneclise) structural stage, two lows are identified — the northern (Upper Kama
depression) and the southern (Shkapovo-Shikhany depression) separated by the Sarapul-Yanybayevo
saddle. All structures are composed of Upper Vendian deposits. Stratigraphic fill of the depressions
is similar to one another, though names of complexes are different. Brief description of the Riphean-
Vendian stratigraphy is presented below separately for the northern and the southern depression parts
of the study area.
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Table 2
Main calibration parameters utilized in the model
HC field Structure Depth, m/ T, °C Depth, m/ Ro, % Catagenesis grade
Kanchura Salmysh depression 25/4 25/0.5 -
Tavtimanovo Blagoveshchensi 2067-2125/41 2067-2125/0.5 -
epression
Kushkul Bashkir arch 25/6 25/0.5 -
Lyublen South Tatar arch 1413-1451/28 - -
| hchensk 339/12
Tabyn g’ agoveshchens 1585/31 - -
epression
1669/36
. 1276/26
Debes Upper Kama depression 1760/36 - 1797/PC3-MC1
1306/26
East Krasnogorsk Upper Kama depression 1580/28 - 1705/PCs
1611/28
. 1292/27
Lozolyuk Upper Kama depression 1383/28 - 1724/MCy
Yeseney Upper Kama depression - - 2011/PCs
1267/23
Baklanovo Perm arch 1276/24 - 2446/MC1
1631/29
786/18.5
L . 895/23
Yelniki Birsk saddle 1410/28 - -
1470/29

The third (present-time) structural stage within the study area is presented in the composition of
the Upper Kama, Bym-Kungur, Yuryuzan-Sylva, Blagoveshchensk and Salmysh depressions, Perm,
Bashkir and Tatar arches, and also the Birsk saddle. Similarity in stratigraphic and facies appearance
of various parts of the said structural stage afforded the opportunity to consider Paleozoic deposits in
concordance with the regional stratigraphic schemes (Fig.2).

Stratigraphy. Stratigraphic fill of depressions of the Kama-Belaya aulacogen is different — the
northern (Kama) depression is composed of Lower and piecewise Middle Riphean deposits, the southern
(Belaya) depression is composed of rocks of all the three series of the Rihean — Kyrpy (Lower),
Serafimovka (Middle) and Abdulino (Upper) series. The composition of the Lower Riphean complex of
the sedimentary cover of the northern (Kama) depression include clastic deposits of the Sarapul and Pre-
Kama series and also clayey-carbonate sequences of the Kaltasy formation of Kyrpy series. The Upper
Vendian part of the overlying Upper Kama depression is presented in the composition of the Kykva,
Vereshchagino, Velva and Krasnokamsk formations [1]. The section of the Riphean-Vendian part of the
Belaya depression of the Kama-Belaya aulacogen has a significantly wider span. In addition to Lower
Riphean deposits, present are also mainly terrigenous rocks of the Middle Riphean and terrigenous-
carbonate sequences of the Upper Riphean. The Upper Vendian terrigenous complex of the said part of the
Volga-Urals region is presented practically in the same volume, though names of stratigraphic subdivisions
are different: Baykibashevo, Staropetrovskoye, Salikhovo and Karlino formations (Fig.2).

Oil and gas presence. In the section of the basin’s sedimentary cover, several oil plays and
promising oil/gas plays are identified, each of which is characterized by similar conditions of oil/gas
accumulation and types of HC deposits. Boundaries of plays are drawn along regionally persistent
impervious seals. As source rocks of the Riphean-Vendian play, the deposits of the Lower Riphean
Kaltasy formation, as well as clayey deposits of the Vereshchagino and Staropetrovo formations of
the Upper Vendian are considered. In the Paleozoic part, as source rock intervals there serve deposits
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of the Afonino horizon of Middle Devonian, Domanik high-carbonaceous formation of the Upper
Devonian-Tournaisian, and coal-bearing rocks of the Vereya horizon of the Middle Carboniferous.
In the Belaya part, in addition to the above-mentioned ones, there are also source rocks of the
Kabakovo, Olkhovo and Shikhan formations of Riphean. Reservoirs are mainly presented by Upper
Vendian, Middle Devonian clastic deposits, and also carbonate sequences of the Middle-Upper
Carboniferous and Lower Permian. As impervious seals, there serve Upper Vendian argillites, Upper
Devonian-Tournaisian clayey-carbonate-siliceous sequences, and also carbonate-evaporite deposits
of the Kungurian stage of the Lower Permian.

Availability of a considerable number of source rock intervals in combination with favorable
thermobaric conditions for generation of liquid and gaseous hydrocarbons, presence of reservoirs and
impervious seals in the section caused appearance of a considerable amount of oil and gas fields in
the territory of the basin. Most of them are confined to structures draping major projections of the
basement: the South Tatar, North Tatar, Perm and Bashkir arches, Birsk and Kosva-Chusovaya
saddles. The biggest number of HC accumulations are revealed in Middle Devonian and Lower-
Middle Carboniferous deposits. In the overlying sequences, there are less HC deposits — from the
Upper Devonian-Tournaisian play to the Lower Permian play the number of revealed accumulations
gradually decreases. Apparently, the Upper Devonian-Tournaisian clayey-carbonate deposits present
a seal impeding free movement of hydrocarbons.

Within the Kama depression of the Kama-Belaya aulacogen, oil and gas presence in Precambrian
deposits of the Volga-Urals petroleum basin is associated with Kykva and Krasnokamsk formations
of Upper Vendian (the Siva, Sokolovo, Sharkan, Debes fields and others). In the Riphean play, but
insignificant oil and gas shows were observed in deposits of the Kaltasy formation [2, 4].

In the territory of the Belaya depression of the Kama-Belaya aulacogen, no Riphean-Vendian oil
and gas fields have been found. However oil and gas shows are presented rather widely in deposits
of the Kaltasy, Tukayevo, Olkhovo and Usa formations of the Riphean, as well as in the
Baykibashevo, Salikhovo and Karlino formations of the Upper Vendian [2, 4].

Geochemical peculiarities of Precambrian organic matter and oils. It is known from the history
of geologic evolution that biotic communities of the Archean-Proterozoic are presented mainly by
bacteria and also primitive algae and protozoans (phyto- and zooplankton). This have reflected in all-
round dominance of hopanes over steranes [10]. Organic matter accumulation was taking place
exclusively in marine environments in conditions of arid and moderate climate (except the time of
Laplandian glaciation) [11, 12]. This is also distinctly indicated by ratio of tricyclic terpanes t19/t23,
whose values are usually less than 0.5 [13].

The initial kerogen type is determined as Il — aquagenic (sapropelic) organic matter. At that,
geochemical appearance of initial OM often might be distorted by alteration processes in source rock
sequences that took place in the past [14]. That is why at present the appearance of type Ill and
IV kerogens can be observed, that however contradicting the composition of the biosphere of that
time [10, 15, 16]. Inconsistency in determining OM accumulation environments in the Precambrian
also resulted in distribution of steranes C27:C28:C29. In particular, a peculiarity of Precambrian
oils is dominance of ethylcholestane over cholestane proper and methylcholestane [17-19]. Usually
such distribution is characteristic of humic OM. As one more detected geochemical peculiarity of
ancient oils is presence of high concentrations of monomethylalkanes (12-, 13-monomethylalkanes,
2-, 3-monomethylalkanes [11, 20]) and dimethylalkanes (2.7-dimethylalkanes) [21]. The nature of
this phenomenon is at present not clear until the end. Nonetheless, it is obvious that presence of such
HC compounds is characteristic of just a narrow stratigraphic interval (Vendian) and a small number
of petroleum basins worldwide (East Siberia and Oman) [10]. A specific marker of Precambrian OM
is lightened isotopic composition of carbon. After the conducted analysis of numerous publications it
was revealed that most oils have values of indicator §**C from —30 to —31 %o. Such peculiarity is also
explained by the nature of initial OM (aquagenic, bacteriogenic). Note that the ratio §*°Nsed for most
Precambrian oils varies within the range of 0 to +8 %o [22].

Apparently, the revealed geochemical peculiarities are indicative of high aggressiveness of the
environment of that time [22-24], high water salinity [22], low diversity of living organisms [11, 22, 25],
low-oxygen composition of the atmosphere [26] and lengthy epochs of earth glaciations
(Greenlandian, Laplandian, etc.) [11, 27].
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Discussion of results. Geochemical analysis of PR2 and Pz oils of the study area. The authors
conducted geochemical studies of organic matter and oils from Precambrian and Paleozoic deposits
of the eastern part of the Volga-Urals petroleum basin (Table 3). The degrees of catagenetic alteration
of source of oils of V2-Pz plays were revealed, paleogeographic environments of initial OM
accumulation were determined.

Table 3
Estimated coefficients obtained by results of cromato-mass-spectrometry of oils and extracts
_ Environment Maturity
:
g| £ . & I P
Well, area é ::;_ § LE g § § é g % E EL \;—« 2
O = O O - T VT I = A B O =
% @)
Debes, 600 E | Vokr | 03 | 066|048 |006| 01 |014| 06 |004| 04 | 1.0 | 04 | 03
Sokolovo, 52 O | Vokr | 113|086 |085| 01 | 01 |015| 0.7 [0.08| 04 | 08 | 0.7 | 2.8
Siva, 1 O | Dstm | 112|075 | 085|012 | 01 |015| 0.7 | 007 | 06 | 1.2 | 0.7 | 8
Kudymkar, 1 O | Dstm | 0.89 | 076 | 085|006 | 05| 03 | 08 | 1.1 |023| 0.7 | 05 | 18
Krasnokamsk, 207 O | Dstm | 113|073 | 065|011 | 05 | 0.4 | 0.7 | 0.64 | 065 | 06 | 05 | 25
Kuyeda, 2 O | Daps | 063|081 |119|004| 04 | 04| 09 |070]013]| 13 | 08 | 24
Kasib, 3 O | Daps | 129|067 | 053|017 | 06 | 03 | 0.7 |065| 06 | 06 | 05 | 3.2
Mishkino, 185 O | Dsdm | 055 | 102|176 | 002 | 0.7 | 0.4 | 09 | 1.3 | 009 | 1.6 | 09 | 1.4
Kuligino, 61 o| D |o068|079|113/005| 05| 03|09 | - |019| - | - | -
Savino, 140 O | cit |062]109]|178|002| 07| 03] 09 |068|014| 12| 08 | 1.8
Gozhan, 3 O | Cibb | 063]093|138|002| 06| 03|09 21]|02]120]09] 17
;;a?;(;‘)’('tsr;‘ers'(’ E | Voke | 10 | 078 08 | 026 | 12 | 112 | 07 |009| 05 | 10 | 07 | 39
Krasnovishersk,
24 (oD E | Vokc | 024 095|120 | 01 | 12| 121 | 06 [006] 05 | 1.1 | 09 | 22
Krasnovishersk,
24 (cold) E | Voke | 007 | 077|076 005| 1.1 | 1.1 | 06 |012| 05 | 1.0 | 1.0 | 1.4
Krasnovishersk,
2012 E | Voke | 023|056 | 054|007 | 09 |085| 07 [003] 05| 26 | 09 | 50
SK(;isg"(‘é:ftrr‘)erSk E | Veke | 104079079 | 03 | 1.1 [112 | 07 | 01 | 05 | 11 | 0.7 | 34
Krasnovishersk, E | Voke | 013|072 085|012 | 21 | 12 | 06 |007| 05 | 13 | 1.0 | 16
301-2 (hot)
Krasnovishersk, E | Voke | 0.04| 072|067 |004| 120 | 10 | 06 |007| 05 | 08 | 09 | 13
301-2 (cold)
:(;f’z‘g"“hers"’ E | Vike | 018|053 048|007 | 09 | 08 | 07 |004| 05 | 20 | 09 | 46

Note: O — oil; E — extracts; DBT — dibenzothiophenes; P — phenanthrene; Pr — pristine; Ph — phytane; n-Ci7.18— normal alkanes;
(C27:C28:C29 — steranes; t19/t23 — cheilanthanes; Ts/Tm — trisnorhopanes.

Genetic peculiarities. Let us characterize genetic peculiarities of organic matter and oils
(Fig.3, a). The ratios DBT/P and Pr/Ph (Fig.3, b) demonstrate that the Vendian OM belongs to
lithofacies zone 2 (sulfur-poor lacustrine deposits). Values obtained by results of studying V-Pz oils
are also located over there. Part of samples gravitate to zone 3 (marine clays and other lacustrine
deposits). Samples of Domanik deposits of the Volga-Urals petroleum basin [28] are practically
completely located in the zone 1B (marine carbonates and marine marls).
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For genetic tie of the oils under study and for OM-oil correlation, trigonogram of ratio of steranes
C27:C28:C29 was used (Fig.3, c). All the studied OM and oil samples are divided into four
geochemical groups. The first group includes oils sampled from Precambrian pay intervals, as well
as oil from the Siva field (Dstm). These samples are characterized by a sharp dominance of sterane
C29. The second group is presented by organic matter of pay rock intervals of Upper Vendian and
Upper Devonian age. It is characteristic of dominance of sterane C27, that being associated with
sapropelic type of initial OM [28]. The third group includes OM and oil samples from Domanik
deposits of the Volga-Urals and Timan-Pechora petroleum basins in which content of sterane C29
increases. This peculiarity is explained by a mixed (11/111) type of initial organic matter.

The oils under study form the fourth group situated between the OM of Domanic deposits and
the Proterozoic oils. It is established that all oils under study are characterized by significant contents
of ethylcholestane C29. Its share in the total volume of steranes varies from 51 to 88 % (Fig.3, c).
This peculiarity is indicative of mainly ancient bacteriogenic origin of OM. For complex genetic
characterization of oils and OM under study, we also constructed a Connan — Cassou diagram (Fig.3,
d). It was found out that these samples are located in zones of mixed and marine OM, while Domanik
ones have solely marine genesis. It is interesting that maturity of oils and OM (determined using this
diagram) regularly increases with age of host rocks.

Catagenetic characteristic. In addition to genetic peculiarities, we also made an attempt to
determine degree of maturity of oils based on biomarker characteristics. For this purposes the authors
conducted molecular analysis by the technique described by Matthias Radke [31]. The following
coefficients were calculated (Table 3):

MPR = [2 — MP]/[1 — MP]; (1)
MPI 1 =15 ([2 — MP] + [3 — MP])/([P] + [1MP] + [9 — MP]); )
MDR = [4 — MDBT]/[1 - MDBT], (3)

where MP — methylphenanthrenes; P — phenanthrene; MDBT — methhyldibenzothiophenes.

Subsequent computation of the parameter Rm (Mean Vitrinite Reflectance) was made using the
diagrams presented in [32]. Grades of catagenesis were determined by data of V.T.Frolov (1992).
All oils under study were generated by source rocks at MC1-MC; ctagenesis grades. The Ts/Tm ratio
demonstrates rather high maturity — values of this parameter vary from 0.13 to 0.65 (Table 3).
The revealed values generally coincide with position of catagenetic zones determined previously for
RF-V [2, 4]. Nonetheless, one cannot exclude influence of Upper Devonian-Tournaisian source rock
intervals, because in adjacent structures (the Solikamsk depression, the eastern part of the Upper
Kama depression, the Belaya depression and others) mature rocks of this age are present. In
connection with this, it is necessary to conduct combined age characterization of HC sources in the
part of the basin under study.

The following diagram implying age of source rocks is constructed based of ratios of steranes
C27/C29 and cheilanthanes t19/t23 (Fig.3, e). The said parameters were determined by the authors
for a good reason because in this case they make it possible to divide OM into purely marine and
purely continental. A kind of ‘contradiction zone’ is also identified where ratio of tricyclic
hydrocarbons would be indicative of aquagenic origin of OM, while steranes would indicate
ancientness. As a result, plotting the obtained valued showed that the oils and bitumoids under study
again got into the area of ancient marine organic matter.

For higher reliability of the obtained results, the authors constructed one more diagram that is
also based upon ratio of steranes C28 and C29 and cheilanthane index (Fig.3, f),

ETR = (28 + t29)/(t28 + t29 + Ts). (4)

By data of T.B.Abay [32], analysis of distribution of the said coefficients makes it possible to
determine age tying of source rocks, which have generated the fluid under consideration. It is
interesting that on this diagram practically all samples under study (except oil from the Chutyr field)
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also appeared in the zone corresponding to the age interval of the Lower Paleozoic and older (Fig.3, f).
Since Lower Paleozoic rocks are not revealed in the section of the part under study of the Volga-
Urals basin, there is no doubt that these oils were generated from the Precambrian organic matter.
Ancient OM and HC compounds generated by it are characterized by presence of isotopically light
carbon. In the eastern part of the Volga-Urals petroleum basin, such oils are encountered on the
Sokolovo, Siva, Debes fields (§3C from —31 to —30 %o). Carbon of the Paleozoic OM is isotopically
heavier (83C from —27 to —28 %) [33]. This peculiarity allows making correlation of oil to OM of a
source rock interval. Based on retrospective data [33], such analysis was also made. It was found out
that in Middle-Upper Devonian and Lower Carboniferous oils, the §*3C indicator varies within the
range of —27.3 to —30.5 %o, not exceeding value of —29 %o on the average. Isotopically light carbon
in oils of the Paleozoic part of the section is indicative of presence of hydrocarbons generated by
ancient (Precambrian) source rock intervals. These peculiarities (OM type, TOCo, Hlo) were used in
modeling for revealing sources of HC accumulations in the part of the section under study. Analysis
of modeling results was conducted with consideration of the revealed connection between oils of the
Proterozoic and Paleozoic.

Results of basin modeling. The models along four regional profiles located in the Belaya and
Kama parts of the Kama-Belaya aulacogen (see Fig.1, 2) are constructed with consideration of history
of tectonic evolution, paleogeographic peculiarities of formation and further alteration (erosion
events) of sequences in the sedimentary cover of the basin. The model was calibrated against values
of present-time formation temperatures and vitrinite reflectance (see Table 2, Fig.4). Thus, these
models are well posed and can be considered in studying processes of generation, migration and
accumulation of hydrocarbons in the part of the basin under study.

By results of the conducted modeling, temperature gradient values were obtained for various
parts of the basin. Crestal parts are characterized by highest temperature gradient values, especially
in their uppermost parts where gradual decrease down the section of this parameter takes place (the
Bashkir — 2.4-3.3 and South Tatar arches — 2.0-3.1 °C/100 m). High values are characteristic of major
depressions: Blagoveshchensk and Upper Kama — 2.7 to 2.93 and 2.6 to 3.4 °C/100 m, respectively. In
the Bym-Kungur and Yuryzan-Sylva depressions this parameter values are a bit lower. The lowest
values are predicted for the Salmysh depression and the Birsk saddle — within the range of 1.0 to
2.5 °C/100 m. Assessment of catagenetic alteration degree for deposits over sections was made. The
main oil windows and gas windows are situated in the depth interval of 1.36 to 4.1 km in the northern
partand 1.6 to 5.8 km in the southern one. Maximum catagenesis grades are achieved at >5 km depths
near the Kama depression and >6.6 km near the Belaya depression of the Kama-Belaya aulacogen.
The difference in thermal regime is associated first with sedimentary cover thickness; considerable
intervals of main gas window and main oil window within the Belaya depression are caused by
proximity of the Pre-Urals foredeep. OM maturity degree in source rock intervals over the area was
assessed by results of basin modeling with consideration of pyrolysis data from depository and
retrospective sources [8, 34, 35]. Adjustment of the revealed catagenetic zones was made using
structure maps. As a result there were constructed schematic maps of catagenesis for top of Lower
Riphean deposits (RF:kl) (Fig.5, a) and of Upper Vendian deposits (Vavr, V2sp) (Fig.5, b).

Catagenetic alteration degree of organic matter of Riphean deposits depends on depth of
maximum submergence thereof. OM metamorphism degree increases in the southeastward direction
and reaches its maximum within the Belaya depression (main gas window). At the same time, most
studied deposits are situated within the main oil window.

Vendian deposits are characterized by a lesser alteration degree — OM metamorphism increases
in the eastward and southeastward directions. The least altered deposits are located in the
northwestern part of the study area — catagenesis grades over there do not exceed PCs values. Further
eastward, a zone of MC; is developed, which gradually changes into MCo. In the east, within the
Yuryuzan-Sylva depression and the Solikamsk depression, OM alteration degree values reach MCs
grade and higher. A significant part of development of the Vendian complex of deposits, the same as
with the Riphean, is situated within the main oil window.
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Fig.4. Examples of calibration diagrams using vitrinite reflectance and formation temperature values

The overlying Middle Devonian — Permian deposits within the study area are much less altered. Most
part of the Upper Devonian-Tournaisian complex that is considered as a source rock interval is situated
within MC; zone, maturity increases in structural lows (the Upper Kama and Blagoveshchensk
depressions) and in eastward and southeastward directions where formations under consideration are
altered up to MC>-MCas. By results of the performed modeling, oil-gas source rocks of Middle
Carboniferous have not entered the main oil and gas windows in most part of the area, however within the
Blagoveshchensk and Upper Kama depressions alteration degree of these deposits reaches MC; stage
(Fig.5). Thus, most intensive generation processes progressed in the Riphean-Vendian source rock intervals.

While examining the processes taking place in petroleum systems, special attention should be paid
to time of generation, migration and accumulation, as well as time of formation of traps. Manifestation
of such or another process depends on history of geologic evolution of the region, specifically on
deposition rate, time and intensity of erosion processes, local and regional temperature field variations.

By results of basin modeling, source rocks of the Kaltasy formation started generating liquid and
gaseous hydrocarbons as early as at the end of the Early Riphean. That said, in the Belaya part of the
aulacogen, generation continued up until the Late Riphean. The pre Vendian unconformity resulted
in temporary suspension of generation by the Riphean source rock intervals. The subsequent oil and
gas generation took place as late as in the Late Carboniferous-Permian in the Kama depression and
in the Early Carboniferous in the Belaya depression [36]. The source rocks of the Upper Vendian and
partly of the Devonian also reached the level needed to start HC generation, at that formation of oil
and gas continued (Fig.6, 7).
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Fig.7. Scale of events constructed by results of 2D basin modeling
for the Kama (a) and Belaya (b) parts of the Kama-Belaya aulacogen

The duration of oil and gas generation processes resulted in significant alteration degree of RF-V
source rocks. In particular, the transformation degree of Riphean source rock intervals reaches 85-90 %
in the Kama depression, while in the Belaya depression the Riphean has completely depleted its
potential. Transformation index of Vendian source rock intervals in the northern (Kama) part of the
Kama-Belaya aulacogen equals approximately 50-60 %, in the southern part its values vary within the
range of 31 to 97 %. Upper Devonian-Tournaisian formations are least transformed, maximum
transformation degree is 52 %, though in most part it does not exceed 30 %. Thus, the Riphean-Vendian
source rock intervals have run out their oil generation potential practically completely. The Domanik
formations, to the contrary, have a high potential to generation of liquid and gaseous hydrocarbons,
though degree of their depletion is rather low within most part of the area [37], that raising doubt in the
issue of prevalence of this source in forming HC deposits in the said part of the VVolga-Urals basin.

The formation of anticipated accumulations of liquid and gaseous hydrocarbons in the northern
and southern parts of the study area proceeded in a number of stages. In the southern (Belaya) part,
migration of fluid generated by source rocks of the Kaltasy formation started as early as at the end of
the Early Riphean. At that time formation of mainly oil deposits was taking place in deposits of the
Sauzovo and Ashit subformations. In the Middle Riphean, gas content in them considerably
increased, new accumulations were forming in the Tukayevo formation. By the end of Late Riphean,
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total volume of accumulated fluid increased, new accumulations appeared in deposits of the Usa and
Leonidovo formations. In the second half of the Late VVendian, hydrocarbons filled traps in deposits of
the Baykibashevo, Salikhovo and Karlino formations. Closer to the end of Devonian, oil deposits did
form in the clastic Devonian. In the Middle-Late carboniferous, filling of firstly Bobriki and thereafter
of Bashkirian age reservoirs took place. HC accumulations in Lower Permian deposits were formed at
the very end of the Paleozoic stage of evolution and their formation continues in the present time.

In the northern (Kama) part of the basin, processes of formation of HC accumulations proceeded
somewhat differently. Because of the fact that sedimentary cover thickness over there is quite thinner
than in the southern part, the processes of HC generation, migration and accumulation were more
‘stretched’ in time. Filling of traps in deposits of the Kaltasy formation was also detected at the end
of the Early Riphean. In the Vendian, during the time of activation of the general subsidence of the
basin, these processes continued, though they were running on primarily under their own inertia.
Filling V2 reservoirs took place at the end of the Vendian and thereafter in the Late Paleozoic.

In the Devonian-Permian, HC deposits were formed also in Middle-Upper Devonian and Lower-
Middle Carboniferous deposits. As distinct from the southern part of the Volga-Urals petroleum
basin, over there the dominant type of fluid for all HC deposits is oil. The important issue in analyzing
the modeling results is determining types of traps and time of formation thereof. Tectonically
screened traps were formed at the end of early Carboniferous and in the Late Permian. Formation of
stratigraphically screened traps is associated with major erosion events that took place in the Middle
Riphean-Early Vendian time, as well as in the Early Paleozoic. Detected are traps confined to reef
buildups formed in the Late Devonian-Early Carboniferous (within the Kama-Kinel system of
troughs) and in the Early Permian. Modeling was performed according to several scenarios — with
and without availability of source rock intervals in the RF-V play. It was established that according
to the second version, anticipated HC accumulations are practically not formed (even with so rich
Domanik source rocks as having TOC =10 %, HI = 710 mgHC/gTOC and thickness > 30 m). The
critical factor in the process of HC generation is the factor of source rock transformation degree.

In the eastern part of the study area, there are detected zones of accumulation of hydrocarbons
generated not only by the RF-V source rock intervals but also by Dsfr>-C1t carbonaceous formations.
Accumulation of liquid and gaseous hydrocarbons took place in deposits of the Moscovian stage of
the Middle Carboniferous and in Asselian-Artinskian deposits of the Lower Permian. The anticipated
oil and gas accumulations in the studied part of the section coincided with the position of real HC
deposits and fields in Fig.6. In both depressions of the Kama-Belaya aulacogen, a single oil play is
detected starting from Riphean deposits and ending with Lower Carboniferous deposits; within this
play, RF-V formations are considered as main source rocks, reservoirs are confined to the terrigenous
complex of the Middle Devonian, and Upper Devonian-Tournaisian deposits serve as the impervious
top seal. Such oil play is characteristic mainly of the western and central areas of the Kama-Belaya
aulacogen and for overlying complexes. In the eastern part of the basin, in immediate proximity to
the Pre-Urals foredeep, the Upper Devonian-Tournaisian deposits act already not as top seals by as
source rocks, that being associated with their wide areal extension and presence of zones falling
within main oil and gas windows. At the same time they remain a reliable fluid seal for hydrocarbons
generated by the RF-V source rock intervals.

The existence of a single oil play is also controlled by another factor — availability of a fluid
seal between the Proterozoic and Paleozoic complexes. As the said element of the oil play, often
considered are clayey Upper Vendian rocks — deposits of the Vereshchagino and Staropetrovo
formations. However, the said deposits underwent various erosion events during geologic evolution
history of the region, that having resulted in scarcity of their areal extent over the region, as well as
practically complete absence thereof in the western parts of the basin. Absence of reliable fluid
seals in the Vendian could contribute to cross-flow of hydrocarbons into overlying pay formations
and also to formation of the single oil play from the Riphean-Vendian to the Upper Devonian-
Tournaisian. That said, an interesting addendum to the suggested hypothesis is the fact of unity of
the hydrodynamic system between the Riphean-Vendian clayey-carbonate complex and the Middle
Devonian terrigenous complex [4, 38, 39].
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By results of the performed modeling, two HC sources are revealed in the eastern part of the
Volga-Urals petroleum basin — the Riphean-Vendian and Middle Frasnian-Tournaisian source rock
intervals. These inferences corroborated by data of geochemical analysis conducted earlier allow us
to note a considerable influence of the Precambrian source rock intervals upon formation of oil and
gas presence in the eastern part of the Volga-Urals petroleum basin.

Conclusion. The following inferences have been made:

« In the section of Riphean deposits of the Kama depression and in the overlying Vendian-
Paleozoic hydrocarbon plays, there are the following source rock intervals: RF1kl, Vovr, Dsfro-Cit; in
the Belaya depression — RFi1kb, RF.0l, RFssn, V2sp. Pay intervals are associated with Vakr, D2ps,
C1bb, Com deposits (in the north) and RF:tk, RF20l, RFous, Vabc, Vasl, Vakr, Daps, Cibb, Com,
Pias,sm,ar deposits (in the south).

* By ratios of steranes, cheilanthanes and normal alkanes, a genetic link is established between
the Vendian and Paleozoic oils and the Precambrian organic matter.

+ Basin modeling made it possible to infer that the RF-V source rock intervals exerted a
considerable impact upon formation of oil and gas presence in the study region.

* The zones of accumulation of hydrocarbons generated by the RF-V source rock intervals are
near-flank and uplifted zones of the Kama-Belaya aulacogen.

« Based on geological and geochemical data, a single oil play is detected in the eastern part of
the Volga-Urals petroleum basin — from RF; to D3-Ci.

It has been demonstrated that Riphean-Carboniferous deposits of the sedimentary cover within
the eastern part of the VVolga-Urals petroleum basin should be considered as parts of a single oil play.
Oil and gas accumulated in the Devonian — Carboniferous deposits were generated by both Riphean-
Vendian and Paleozoic formations. Moreover, the contribution of the Precambrian source rock
intervals is so substantial that exclusion thereof from modeling resulted in absence of the observed
oil and gas presence in the Paleozoic.

Geochemically (by ratios of steranes, cheilanthanes and normal alkanes), a genetic link is
demonstrated between oils of the Paleozoic and Proterozoic reservoirs with organic matter of the
Precambrian source rock intervals. A self-consistent model of formation of oil and gas presence in
the part under study of the Volga-Urals Petroleum basin has been suggested.
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Abstract. Microstructural features of the main rock-forming minerals of host ultramafic rocks (olivine, orthopyroxene)
and chrome spinel from ores of the Almaz-Zhemchuzhina deposit were studied using the electron backscatter diffrac-
tion method. For ultramafic rocks, statistical diagrams of the crystallographic orientation of olivine and orthopyroxene
were obtained, indicating the formation of a mineral association in conditions of high-temperature subsolidus plastic
flow in the upper mantle. The main mechanisms were translation gliding and syntectonic recrystallization. Olivine
deformation occurred predominantly along the (010)[100] and (001)[100] systems. The textural and structural features
of chromitites reflect plastic flow processes, most pronounced in lenticular-banded ores. Microstructure maps in inverse
pole figure encoding show differences in the grain size composition of the ores: areas consisting of disseminated chro-
mitites are characterized by a finer-grained structure compared to lens-shaped segregations of a massive structure.
Analysis of microstructure maps shows that during the transition from disseminated to massive ores, there is a wide-
spread development of recrystallization, adaptation of neighbouring grains to each other, resulting in homogenization
of crystallographic orientation in aggregates. The data obtained develop ideas about the rheomorphic nature of chro-
mitite segregations in ophiolite dunites. It is assumed that the coarsening of the structure of massive chromitites is
critically associated with an increase in the concentration of ore grains during solid-phase segregation within a plastic
flow, when individual chrome spinel grains, initially separated by silicate material, begin to come into direct contact
with each other.
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Introduction. Ultramafic rocks of the Kempirsai massif in the Aktobe region of the Republic
of Kazakhstan are associated with the largest reserves of ophiolite-type chromitites, “podiform de-
posits” [1-3], which differ from stratiform deposits by a sharp variability of morphological features
and a constant association with extremely depleted mantle dunites. The specific morphology of
deposits, sharp morphostructural variability, constant association with dunites and the absence of
obvious signs of magmatic formation contributed to the emergence of various models of the origin
of deposits of this type. To interpret the genesis of podiform deposits over the long history of their
study, various models have been proposed with a predominant role of both magmatic and metaso-
matic processes. In recent decades, the reaction-magmatic [4-6] and fluid-metasomatic hypotheses
[7, 8] have become the most widespread. Some works suggest the leading role of solid phase dif-
ferentiation [9].
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It is difficult to imagine the construction of full-fledged dynamic formation models of podiform
chromitites without the use of quantitative data on their structure at various scale levels. Until the
beginning of the 21st century and the advent of electron backscatter diffraction (EBSD) methods, this
was practically impossible. Microstructural studies were limited to the study of transparent aniso-
tropic host rock minerals, olivine and pyroxenes, using the Fedorov method [10-12].

Widespread use of electron microscopy with EBSD detectors since the beginning of the 21st
century made it possible to obtain quantitative information about the internal structure of optically iso-
tropic and non-transparent materials, including minerals of the cubic system [13-15] and various ore
minerals [16-18]. In recent years, this research method has become widely used to assess the role of
plastic deformations in mantle associations [19-21] and determine seismic anisotropy in the upper
mantle of various regions based on the microstructure features of ultramafic xenoliths in kimberlites
and alkali basalts [22-24].

To clarify the formation conditions for chromitites at the Almaz-Zhemchuzhina deposit in the
southeastern part of the Kempirsai massif, the authors studied the material, macro- and micro-structural
features of chromitites and their host ultramafic rocks using electron backscatter diffraction (EBSD).
The main objectives of the research were: obtaining statistical data on the crystallographic orientation
of rock-forming silicates (olivine, orthopyroxene) of ultramafic rocks, comparing them with experi-
mental data; determination of the mechanisms of plastic deformation and recrystallization of olivine
and orthopyroxene; microstructural study of aggregates of chrome spinel grains, obtaining data on the
real structure of ore grains; assessment of the role of deformation and recrystallization in the formation
of chromitites. Preliminary results of studying the samples are partially presented in [25].

Methods. In the 2022 field season, the authors studied chromitite samples of various structural
types from dumps and boreholes of the Almaz-Zhemchuzhina deposit (Fig.1), as well as the most
recent samples of host dunites and lherzolites selected from the core of the deep horizons at this site
(depth from 420 to 1100 m).

At the preliminary stage, optical and electron microscopy methods were used. A total of 50 sam-
ples of peridotites, dunites, and chromitites, selected both from borehole cores and from deposit
dumps, were studied. The composition of minerals was determined using a Tescan Vega Compact
scanning electron microscope with an Xplorer-15 Oxford Instruments energy-dispersive detector at
the Institute of Geology, Ufa Federal Research Centre of the Russian Academy of Sciences. The
spectra were processed automatically by the AzTec One software package using the TrueQ technique.
The following settings were used during the scanning: accelerating voltage 20 kV, probe current 3 nA,
spectrum accumulation time at a point 60 s in Point&ID mode, beam diameter about 3 pm.

Three samples of the most recent ultramafic rocks from the GT-HY-1 borehole and two samples
of chromitites from the dump of the Almaz-Zhemchuzhina deposit were selected for microstructural
studies. From them, preparations were made that were oriented relative to the macroscopic elements
of texture, banding, foliation, and lineation. The microstructure study of the preparations was carried
out using the electron backscatter diffraction (EBSD) method on a Tescan Mira microscope at the
Institute for Metals Superplasticity Problems of the Russian Academy of Sciences. The surface of the
preparations for EBSD analysis was prepared by two-stage polishing, first mechanically using dia-
mond pastes, and then by finishing mechanical and chemical polishing using a suspension based on
colloidal silicon oxide (to remove hardening).

The main method of microstructural studies in this work, EBSD, is based on local anisotropic
electron scattering on a crystal lattice [26, 27], which makes it possible to obtain Kikuchi lines, which
are compared with reference ones for the phases present in the sample, then converted into data on
the crystallographic orientation at any point of the sample under study. The phases are automatically
identified at each point, and the X and Y coordinates of these points are stored in memory. Modern
devices are capable of high-speed scanning with steps from tenths to several tens of um [28], as a
result of which software (for example, Channel 5) makes it possible to construct various maps in
Hough space with a resolution of 100 pixels.
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Fig.1. Geological position of the Almaz-Zhemchuzhina deposit and location of the studied samples:

a — small-scale map of the massif according to [34]; 1-6 — stratified rocks; 1 — South Mugodzhar zone (basalts (S-D1, D2),
flyschoids and olistostromes (Ds-C1); 2 — Ebety zone (basalt-andesite-rhyodacite, carbonate-silicite and greywacke formations
(V?PZ1-2); 3-6 — Sakmara zone (3 — basalt-andesite-dacite, greywacke, phtanite and carbonate formations (PZ1-2), 4 — pillow lavas
and pyroclastics of the basalt-andesite-rhyodacite formation with the participation of phtanites and clay-siliceous shales (PZ1-2),

5 — phtanites and carbonate shales (O2), 6 — pillow lavas of tholeiitic basalts with phtanite lenses (Oz2); 7-10 — Kempirsai massif:

7 — sets of parallel diabase dikes and isotropic hornblende gabbros, 8 — Kyzylkain formation of pyroxenite-gabbro composition,

9 — Kokpekty formation of olivine gabbros and troctolites, 10 — rocks of the upper mantle section: harzburgites, Iherzolites, dunites;
11 — chromitites (a — unique and large deposits; b — ordinary deposits and ore shows), 12 — location of studied boreholes and deposits;
b — dumps of the Almaz-Zhemchuzhina deposit; ¢ — block diagram of the ore cluster, including the Almaz-Zhemchuzhina,
Millionnoe, and Pervomaiskoe deposits, location of the studied core samples; d — massive chromitites in the face of one
of the open pits; e — sample of densely disseminated chromitite

In this work, EBSD scanning of preparations was carried out in steps of 10 to 20 um with detail
in some cases to 2 um. In samples of serpentinized ultramafic rocks, predominantly texture diagrams
were obtained, and in chromitites, it was possible to obtain fairly high-quality maps in inverse pole
figure (IPF) encoding. A total of 25 areas were studied on seven preparations from five samples.

Research results. The Kempirsai massif is one of the largest ophiolite-type ultramafic massifs
in the Urals, containing the world's largest deposits of chromium ores of this formation type. At the
modern erosional truncation level, the massif is a pear-shaped body. It is elongated from north to
south, according to the main direction of the Ural structures, and expands to the southeast (Fig.1).
The massif is almost entirely composed of rocks of the so-called mantle section, harzburgites, Iher-
zolites, and dunites, which near the surface are completely transformed into serpentinites. Due to the
fact that serpentinization was limited to low-temperature facies with the formation of loop-shaped
serpentine, the primary nature of serpentinites can be easily diagnosed by the presence of bastite
pseudomorphs after pyroxenes. The most widespread in the massif are harzburgite serpentinites con-
taining 70-80 vol.% olivine, 20-25 vol.% orthopyroxene, and a minor admixture of chrome spinel,
which usually retains its composition.
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In the southeastern part of the massif, along with homogeneous harzburgites, the dunite-
harzburgite complex is widespread. Its structure is determined by the frequent alternation of
harzburgite serpentinites and serpentinites without pseudomorphs after orthopyroxene (dunite). The
most productive chromitite deposits of the massif are associated namely with the dunite-harzburgite
complex.

In addition to ultramafic rocks, quite a lot of mafic dikes are found within the massif, among
which gabbrodiabases of the Tygasha-Sai formation are the most widespread [29]. Rather large
bodies of differentiated composition (Kokpekty complex) [29, 30], as well as tholeiitic basalts of the
Sugraly complex and amphibolites [31] are developed in the near-contact parts of the massif. It should
be noted that amphibolites cover the southern contact of the massif, under which the chromitite body
of the largest deposit of the massif, Almaz-Zhemchuzhina, subducts.

When studying thin sections and polished sections using optical and electron microscopy, we
found that the main minerals of the ores are high-chromium spinels (Cr/Cr + Al =0.8-0.83) (Table 1),
which is completely consistent with [1, 2], as well as serpentine and chlorite, replacing primary
olivine. Chrome spinels contain mineral inclusions that are distributed very unevenly. The most
common inclusion minerals are olivine (often serpentinized) and amphibole; less common are
phlogopite, pyroxenes, and sulphides of basic metals (Fe, Ni, Cu, Co), as well as platinum group
minerals [32, 33].

Table 1

Composition of ore-forming chrome spinels from the Almaz-Zhemchuzhina deposit

Oxide Composition, wt.%*

TiOz2 0.22 0.46 0.20 0.18 0.17 — — 0.28 0.23
Al203 9.66 10.32 | 8.88 8.79 9.04 8.64 8.85 10.56 | 9.56
Cr203 62.16 | 61.97 | 63.18 | 62.64 | 62.56 | 63.13 | 63.64 | 61.03 | 62.47
Fe203™ 2.1 0.24 3.48 2.37 2.94 3.23 3.12 211 1.34

FeO 13.13 13.1 11.1 12.3 11.85 | 11.33 125 12.2 12.4
MgO 13.39 | 1328 | 1492 | 13.72 | 1433 | 1442 | 14.09 | 14.00 | 13.77
NiO - — — - 0.18 0.24 - 0.20 -
Total 100.7 99.5 101.8 | 100.0 | 101.1 | 101.0 | 102.2 | 100.4 99.8
Element Composition, apfu

Al 0.367 | 0.395 | 0.332 | 0.336 | 0.341 | 0.326 | 0.331 | 0.398 | 0.364
Cr 1582 | 1590 | 1.582 | 1606 | 1.580 | 1.599 | 1.597 | 1.545 | 1.597
Mg 0.642 | 0.642 | 0.704 | 0.663 | 0.682 | 0.688 | 0.666 | 0.668 | 0.663

Fe®* 0.052 | 0.010 | 0.081 | 0.065 | 0.064 | 0.083 | 0.080 | 0.054 | 0.019
Fe* 0.352 | 0.351 | 0.297 | 0.325 | 0.324 | 0.298 | 0.325 | 0.322 | 0.351

Ti 0.005 | 0.011 | 0.005 | 0.004 | 0.004 0.007 | 0.006
Ni 0.005 | 0.006 0.005

#Cr 0.81 0.80 0.83 0.83 0.82 0.83 0.83 0.79 0.81
#Mg 0.65 0.65 0.70 0.67 0.68 0.70 0.67 0.67 0.65

* SEM EDS data [33]; dash — contents below the detection limit.
™ Contents are calculated based on the mineral stoichiometry.

Almost all ultramafic samples from borehole cores are characterized by clearly defined macro-
scopic structural elements — foliation (S) and lineation (L) (Fig.2, a, b). Foliation is due to the pre-
ferred orientation of tabular pyroxene grains in shape and to the aggregate banding often parallel to
the same plane. Lineation is determined by the elongation of grains (pyroxene, olivine) or aggregates
of chrome spinels in the plane of foliation. In chromitites, these macroscopic structural elements are
most clearly manifested in samples of banded disseminated ores and in lenticular-banded ores, which
we found in fairly copious quantities in the dumps of the Almaz-Zhemchuzhina deposit (Fig.2, c-e).
Ores of this type most clearly show the participation in their formation of solid-phase plastic flow of
mantle material. Samples of chromitites of this variety were used for microstructural studies.
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Fig.2. General view of the studied samples of host ultramafic rocks from deep borehole cores (a, b)
and lenticular-banded chromitites from dumps (c-€)

Petrographic study of the host ultramafic rocks showed that dunites are significantly affected
by serpentinization (at least 70 vol.%), while Iherzolites contain areas with fairly good preservation
(serpentine makes up less than 40 vol.% of the rock). The main rock-forming minerals of Iherzolites
show signs of high-temperature deformation: kink-band structures, undulose extinction (Fig.3, a),
porphyroclastic structures caused by the association of deformed large orthopyroxene grains and
zones of syntectonic recrystallization (RZ), composed of aggregates of small grains — neoblasts
(Fig.3, b). Inside large deformed enstatite grains, the formation of diopside, amphibole lamellae
and tiny chrome spinel grains is often observed (Fig.3, ¢). An idea of the typical mineralogical
composition of lherzolites, the size and morphology of grains of rock-forming minerals is given by
the EDS map in Fig.3, d.

The composition of the rock-forming minerals of ultramafic rocks is typical for rocks of the
ophiolite mantle section: high-magnesium olivine; besides, from Iherzolites to dunites the concen-
tration of the forsterite minal increases from 90-92 to 95-96 %. Orthorhombic pyroxene is also
represented by a high-magnesium variety, enstatite, and clinopyroxene by a calcium-magnesium
variety, diopside. The composition of chrome spinels varies over a fairly significant range but
is limited by isomorphism in the picotite-chromite series from 0.4 Cr# ((Mdo.s45F€0.355)1.00
(Al1.187Cr0.750F€0.054)2.0004) in Iherzolites to 0.8-0.85 ((Mgo.704F€0.296)1.00 (Cr1.582Al0.332F€0.081 Ti0.005)2.0004)
in dunites and chromitites. In Iherzolites, the permanent minor mineral is amphibole, the composi-
tion of which corresponds to calcium-magnesium varieties (pargasite-magnesian hornblende).
In chromitites, olivine from inclusions in chrome spinel grains has the maximum magnesium com-
position (Fog7.98) and abnormally high concentrations of nickel (to 1.8 wt.% NiO) (Table 2).
According to the geothermometers [35-37], the closure of exchange reactions between olivine and
chrome spinel occurred in the temperature range of 700-850 °C and oxygen fugacity from —1.04 to
+2.8 AFMQ.
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Fig.3. Petrographic features of ultramafic rocks from borehole GT-HY-1:
a — large deformed orthopyroxene grains with clinopyroxene inclusions;
b — recrystallization zone (RZ) composed of small newly formed grains (neoblasts) near a large deformed orthopyroxene grain;
¢ — isolation of new phases inside an orthopyroxene grain subject to plastic deformation;
d — typical EDS map of lherzolite from the ore-hosting strata of the Almaz-Zhemchuzhina deposit; Amp —amphibole;
Cpx — clinopyroxene; Ol — olivine; Opx — orthopyroxene; Spl — chrome spinel; Srp — serpentine

Table 2

Composition of olivine from inclusions in chrome spinels from the Almaz-Zhemchuzhina deposit

Oxide Composition, wt.%
SiO2 41.30 41.31 41.38 41.11 40.61 41.50 41.10 42.56 42.75
FeO 2.77 2.94 1.87 2.12 2.45 2.58 2.62 2.97 2.51
MgO 54.71 55.38 55.06 54.47 53.84 56.05 54.78 54.94 55.26
NiO 0.65 0.69 1.66 1.83 151 0.95 0.94 1.41 0.67
Total 994 100.3 100.0 995 98.4 101.1 99.4 101.9 101.2
Element Composition, apfu
Si 0.982 0.973 0.978 0.978 0.978 0.969 0.977 0.993 1.000
Fe 0.055 0.058 0.037 0.042 0.049 0.050 0.052 0.058 0.049
Mg 1.951 1.956 1.953 1.944 1.944 1.963 1.953 1.923 1.939
Ni 0.012 0.013 0.032 0.035 0.029 0.018 0.018 0.027 0.013
Fo 0.973 0.971 0.981 0.979 0.975 0.975 0.974 0.971 0.975

Studying ultramafic samples using the EBSD method allowed us to obtain a series of texture
diagrams (straight pole figures) for the main rock-forming minerals, olivine and orthopyroxene. Un-
fortunately, we did not manage to obtain complete microstructural maps due to significant serpentin-
ization of the rocks, and in some cases due to the distorted crystal lattice of orthopyroxenes.

Textures obtained for olivine and orthopyroxene from host ultramafic rocks show a fairly strong
preferred crystallographic orientation of both minerals. The following types of olivine textures are
identified: 1) the maximum of the [100] axis near the foliation plane and near the lineation exposure,
while the [001] axis forms a maximum on the flattening plane perpendicular to lineation, and the
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a [100] [010] [001]

[100] [010] [001]

Fig.4. Straight pole figures for rock-forming olivine (a) and orthopyroxene (b)
from ultramafic rock samples from borehole GT-HY-1. Upper hemisphere of equal area projection;
S — projection of the plane of mineral flattening and banding; L — linearity exposures

maximum of the [010] axis is perpendicular to the flattening plane (samples 646, 786, Fig.4, a);
2) the maximum of the [100] axis is also near the flattening plane and the lineation exposure, but the
other two axes change places: the [010] maximum is on the flattening plane, and the [001] maximum
is perpendicular to it (sample 700, Fig.4, a).

In orthopyroxene, in almost all cases, coincidence or slight deviation of the [001] axis from
the lineation exposure is registered (Fig.4, b), which indicates the direction of gliding. Glide planes
in different samples are determined differently: (100) — in sample 700, (010) — in sample 423, and
multiple planes in two other samples (Fig.4, b). Along with translation gliding, syntectonic recrys-
tallization played a significant role in the studied ultramafic rock samples, which to some extent
complicated the petrostructural patterns.

For microstructural studies, we selected a sample of densely disseminated chromitite with a len-
ticular-banded texture (Fig.5, a) with clearly defined macroscopic structural elements — banding and
lineation, from which made preparations measuring 2030 mm (Fig.5, b).

Macroscopic and mineragraphic study showed that the sample is a combination of sections with
banded texture and medium-dense disseminated structure with the size of chrome spinel individuals
0.1-1 mm and chrome spinel aggregates of a massive lens-shaped structure with inclusions of sili-
cate material. The size of individuals in massive aggregates is visually determined within 1-5 mm,
however, it is not possible to determine the grain size more accurately due to the isotropic nature
of the optical properties of chrome spinel (cubic system, opacity) and grain jointing (Fig.5, c-e).
Microstructure studies using EBSD methods were carried out on preparation ¢ (Fig.5, b), the scan-
ning step was 20 um in most areas, and one of them was studied in more detail with a step of 10 um
(Fig.5, c-e).
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[.200 um

Fig.5. General view and structural details of the studied chromitite sample of lenticular-banded texture Ke-120-01:
a — general view of the sample before preparation; b — view of part of the section perpendicular to the banding
and macroscopic structural elements; ¢ — general view of the preparation studied by the EBSD method,;

d — detail of the preparation with aggregates of a massive structure; e — one of the studied areas

The conducted instrumental microstructural studies generally confirmed the assumptions about
the different grain size composition of sections with different textures (structures), which is most
clearly manifested in maps compiled in colour-coded inverse pole figures (IPF) (Fig.6). The left part
of Fig.6 shows the contrast maps of Kikuchi bands (KB), which characterize the quality of the meas-
urements performed. In all the examples given, it is good, as evidenced by the uniform images and
the predominance of light tones (sharp contrast of the KB). Darker areas indicate a greater degree of
distortion in the crystal lattice of minerals. To understand the IPF maps, the inset (Fig.6, h) shows a
typical colour key for the cubic system crystals.

In sections with disseminated structure, where chromite grains are separated from each other by
a silicate matrix, most grains have a uniform orientation, the grain size is 70-250 pm (Fig.6, a, b).
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500 um

500 um

Fig.6. Microstructural maps of chromitite sample sections
with lenticular-banded texture Ke-120-01:
a, b — section with disseminated structure
(a — contrast of Kikuchi bands (KB), b — IPF map);
¢, d — section with the transitional structure from disseminated
to massive, shown in Fig.5, e (c — KB contrast, d — IPF map);
e-h — sections with massive structure (e, g — KB contrast,
f, h — IPF maps); g — yellow colour shows the grain boundary
with the {001} orientation on fragment h,
in the inset — the colour key to the IPF maps

© Dmitrii E. Saveliev, Semen N. Sergeev, Darkhan K. Makatov, 2024

However, some grains exhibit a domain (sub-
grain) structure, the misorientation between
subgrains is to 15°.

In transition-type chrome spinel aggre-
gates (at the contact of the disseminated and
massive zones) the presence of a heteroge-
neous structure with two maximum sizes of
sections with uniform orientation is noted:
70-200 um and over 500 um (Fig.6, c, d).
Within sections of the second type, one can
often observe both local heterogeneities with
low-angle boundaries of 1-10°, and small-
sized inclusions separated from the matrix by
high-angle boundaries (over 15°).

The internal parts of the sections with
massive structure are areas with an almost uni-
form structure, the misorientation angle does
not exceed 5° (Fig.6, e, f). The boundaries be-
tween blocks with homogeneous structure can
be sharp and at the same time completely inde-
pendent of the visually observed physical sec-
tions expressed by thin fractures (Fig.6, g, h).

In addition to studying the main rock-
forming and ore-forming minerals of ultra-
mafic rocks (olivine and orthopyroxene) and
chromitites (chrome spinels) in the southern
part of the Kempirsai massif, we investigated
the internal structure of minerals rarer for ul-
tramafic rocks, clinopyroxenes, which are
represented by the calcium-magnesium vari-
ety, diopside (CaMg(Si2Os). A noticeable
presence of diopside is observed in three
studied samples of partially serpentinized
peridotites, 646, 700, and 786. The EBSD
study revealed the presence of rather strong
preferred crystallographic orientations of this
mineral at index values M = 0.1-0.4 (Fig.7).
It should be noted that only in sample 700
there is a coincidence between the maximum
intensity of the exposures of one of the [001]
axes with the lineation direction and the max-
imum of the [100] axis, perpendicular to the
foliation plane, which is characteristic of the

(100) [001] slip system. This slip system is also the most typical for orthopyroxenes. In the other
two samples, more diffuse texture patterns were obtained, which may be due to two main reasons:
a considerable proportion of recrystallized diopside grains in the studied samples, as well as the
presence of crystals that have undergone melting (fragments of a crystallized partial melt).
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Fig.7. Straight pole figures for clinopyroxenes from ultramafic rock samples from borehole GT-HY-1

Discussion of the results. The obtained petrographic, mineralogical, and microstructural data
are generally consistent with the overall structural patterns of ultramafic rock complexes and chro-
mitite deposits [4], although in part they diverge from some well-known provisions. In the studied
chromite-bearing section, Iherzolites with aluminous spinel are quite widespread. Dunites contain
high-chromium accessory chrome spinel, and olivine from inclusions is very enriched in nickel
[32, 33]. All this indicates a high degree of depletion of wallrock ultramafic rocks, although in general
the section is represented by relatively weakly depleted rocks of the upper mantle.

The obtained microstructural data indicate the formation of ultramafic rocks in the conditions of
high-temperature plastic flow, accompanied by syntectonic recrystallization [25]. Judging by the tex-
ture diagrams, two slip systems (010)[100] and (001)[100] appeared in olivine, which correspond to
texture types A and E according to the classification [38]. Both types of textures were diagnosed in
experiments under stress to 300 MPa, type A being observed in “dry” (<200 ppm H/Si), and type E
in “wet” conditions (200-1000 ppm H/Si) [38] .

More complex petrostructural patterns were obtained in orthopyroxene, which is associated with
the lower plasticity of this mineral compared to olivine [39, 40] and, as a consequence, the presence
of several groups of grains, deformed porphyroclasts with a domain structure and neoblasts formed
during syntectonic recrystallization.

Macrotextural and microstructural features of chromitites were also formed in the conditions of
plastic flow of host dunites with dispersed ore material. This is especially pronounced in lenticular-
banded varieties of ores. Differences in the grain size composition of sections with disseminated and
massive structure are well explained precisely from the position of the solid-phase genesis of ores.
According to the rheomorphic model [9, 32, 41], the most mobile members of the mantle sections of
ophiolites are dunites, formed as a result of the deformation-induced decomposition of orthopyrox-
enes [41]. The same process leads to a primary increase in the concentration of chrome spinels, which
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crystallize from impurity amounts of chromium and aluminium included in pyroxenes. Since olivine
is the mineral with the weakest rheological properties in the upper mantle [39], plastic flow and as-
sociated solid-phase differentiation of matter are localized in dunite zones. Due to a significantly
higher rheological rigidity, chrome spinel grains in an olivine aggregate predominantly behave as
rigid inclusions, which are energetically advantageous to form clusters — segregations — in such
a solid-phase flow, as was shown by physical and mathematical modelling in [9].

Thus, inside the dunites, segregation of chromite grains could occur with the formation of len-
ticular-banded accumulations. In the central parts of the lenses, conditions were created for the con-
tact of initially scattered ore grains. At their contacts, the initial misorientation was levelled, i.e.
a new grain with a uniform crystallographic orientation was formed. A similar mechanism was pro-
posed to explain the microstructure features in Indian chromitites [42] and is close to “high-P sinter-
ing”, which is proposed to explain the genesis of coarse-grained massive chromitites in both ophiolitic
and layered complexes [43, 44].

Microstructural studies confirmed the previously stated assumption that the sizes of chrome spi-
nel individuals critically depend on structural features, and those, in turn, on the segregation stage.
At the early stage, each chrome spinel grain is surrounded by olivine grains, therefore, the size of ore
grains has one maximum, corresponding to deformation conditions and is always equal to or less than
the size of olivine grains. However, when segregation reaches a certain critical level, which can be
conventionally designated as “the beginning of grain contact,” the growth of chromite aggregates
(accretion) and the erasure of orientation differences begin. This direction of the process is facilitated
by the significantly lower deformability of chromite compared to olivine and the slowdown of plastic
flow near areas with increased concentration of ore grains. A similar mechanism for the growth of
large grains (porphyroblasts) of minerals with stronger rheological properties (in particular, garnets)
in metamorphic rocks was described in [45].

Conclusion. Microstructural studies of chromitites and host ultramafic rocks of the Almaz-
Zhemchuzhina deposit allowed us to obtain quantitative data on the internal structure of the rocks.
We found out that the formation of ultramafic rocks occurred in the conditions of subsolidus high-
temperature (650-950 °C) plastic flow. Statistical data on the crystallographic orientation of olivine
indicate that the main mechanism of deformation was translation gliding along the (010)[100] and
(001)[100] systems; syntectonic recrystallization was of subordinate importance. In orthopyroxene,
plastic flow was also realized by the mechanism of translation glide: systems (100)[001] and
(010)[001], while syntectonic recrystallization was much stronger compared to olivine. Chromitites
also exhibit textures and structures formed in plastic flow conditions. Disseminated ores have a finer-
grained structure compared to massive ones: in the structure formation of the latter, the accretion of
ore grains played a significant role, which was accompanied by the unification of their crystallo-
graphic orientation.
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Abstract. The selection of efficient drilling and blasting technology to achieve the required particle size distribution of
blasted rock mass and reduce ore dilution is directly related to the accurate definition of rock mass properties. The
zoning of the rock massif by its hardness, drillability and blastability does not consider the variability of the geological
structure of the block for blasting, resulting in an overestimated specific consumption of explosives. The decision of
this task is particularly urgent for enterprises developing deposits with a high degree of variability of geological struc-
ture, for example, at alluvial deposits. Explosives overconsumption causes non-optimal granulometric composition of
the blasted rock mass for the given conditions and mining technology. It is required to define physical and mechanical
properties of rocks at deposits with complex geological structure at each block prepared for blasting. The correlation
between the physical and mechanical properties of these rocks and drilling parameters should be used for calculation.
The relation determined by the developed method was verified in industrial conditions, and the granulometric composition
of the blasted rock mass was measured by an indirect method based on excavator productivity. The results demonstrated
an increase in excavation productivity, thus indicating the accuracy of given approach to the task of identifying the rocks
of the blasted block.

Keywords: drilling and blasting; drilling energy intensity; measurement of drilling parameters; specific consumption
of explosives
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Introduction. Open mining accounts for 70 % of all mineral deposits exploitation [1, 2]. As open-
cast mines get deeper, the rock strength coefficient increases, which results in the intensification of
blasting operations and an increase in the costs of blasting [3]. It is worth mentioning that blast crushing
is the first link in the chain of technological processes of mining production and represents about 30 %
of the total costs of mineral extraction [4-6]. Therefore, it is essential to rationally distribute the blast
energy to reduce the cost of drilling and blasting while providing the optimum granulometric composi-
tion of the blasted rock mass according to the extraction cost, that would maximize profits [7-10]. The
above factors are set in the drilling and blasting parameters, their calculation takes into account the
properties of the explosive materials and explosion object characteristics — the rock massif. The rock
mass is characterized by physical and mechanical properties of its forming rocks and the degree of
fracturing, that cause the strength properties of the destroyed object, which also affects the rational
justification of the field development system [11].

Problem statement. One of the world key problems in the field of blasting is the uncertain
structure of the blasted block, and consequently the inability to determine the physical and mechanical
properties of the rocks forming the block. These properties directly influence the quality of crushing, and,
as a result, the mining cost of the mineral. The study by S.N.Zharikov shows that a large explosive
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reserve is put into the drilling and blasting parameters, which leads to overuse of explosives [12].
Therefore, identifying the block structure for blasting is an important task in terms of economics and
rational use of resources. The resulting solution will be a rational distribution of the charge energy
according to the physical and mechanical properties of the block's rocks.

In case of open-pit mining, the calculation of blasting and drilling parameters is based on the
volumetric hypothesis of S.VVauban, setting the correlation between the volume of the blasted block V
and the amount of explosive required for this purpose Q [13]:

Q=qV,

where q — specific consumption of the explosives, kg/m?.

The explosive energy supplied to the rock, as is known, depends on the properties of the explo-
sives, the conditions and the properties of the rock. Consequently, the value of the charge can be
expressed as a function of all variables influencing the quality of the explosion [14]:

Q:f(W, H,a, IC,dC,E!pﬁ D’Ci)’

where W, H, a, I, d. — geometrical parameters — line of least resistance (LLR), ledge height, charge
spacing, charge length, charge diameter, respectively; E, p, D — the explosives parameters — weight
power, density, detonation velocity, respectively; ci — coefficient of rock properties, charge
location, etc.

U.Langefors offered to change the volumetric concentration of energy in different parts of the
borehole — for better development of the ledge bottom, the charge density in the lower part of the
borehole should be increased by 60 % compared to the main part of the charge. He also suggests
using the simplest explosives based on ammonium nitrate and oil additives as the main charge, and
charging dynamites in the lower part, as these explosives have high water resistance, density and
energy content.

Langefors' method can be used in the explosion of a heterogeneous rock massif. Generating in
different parts of the borehole explosive charges with different energy corresponding to physical and
mechanical properties of rocks, it allows to rationally distribute the explosion energy in the blasted
block and thus to ensure the optimal quality of crushing [15]. At that time, there were no technologies
that would provide a quick way to determine rock formations of a block. It should be noted that the
issue of rational distribution of explosion energy based on the physical and mechanical properties is
not a novel one. In the 50-ies of the last century in the USA the explosive substances for the solution
of this problem were developed. Their specific heat of explosion could be varied right at the time of
charging through changing the density of explosives and the percentage ratio of components. These
explosives are called “Slurry”. They are an aqueous liquid solution of an oxidizing agent (usually
ammonium nitrate) acting as a solid or dispersing phase containing both excess solid oxidizer and
sensitizing combustible additives dispersed in it [16, 17]. B.L.Baron and V.H.Kantor discuss the
American company “Mc Kissick charging machine, that prepares a mixture of ammonium nitrate
and fuel oil (ANFO) with aluminum additive. The amount of the additive can be adjusted, and the
supply can be started and stopped at any moment of charging the borehole [18]. This enables to create
a charge with variable energy along the height of the ledge and widens the application of ANFO
mixture. “lreko Chemicals” charging machine, for charging water-containing explosives, is shown
there. The machine allows to manage the volumetric concentration of the charge energy depending
on the physical and mechanical properties of rocks.

The Vauban hypothesis is the key to estimate the required amount of explosives in the borehole
and for the entire block. The only major task is to identify the optimum specific consumption of
explosives, which is the main energy indicator of blasting.

B.N.Kutuzov also suggested to calculate the specific design consumption on the basis of the
reference for a given rock type at the charge diameter of 200-250 mm [19]:
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des 2,6 ( )

where gref— reference specific consumption for a given rock massif, defined according to experimental
explosions and considering physical-mechanical properties of rocks and fracturing of the given mas-
sif; e — performance factor of the explosives; k¢ — correction factor for the standard block size;
p —rock density.

The following physical and mechanical properties of rocks are taken into account in formula (1):
uniaxial compressive strength of the rock sample through the reference specific consumption and
rock density. Structural weakness of the massif due to fracturing is also accounted. The value of the
reference specific consumption is not a constant, since the physical and mechanical properties of rocks
and fracturing of massifs with different genesis and the same petrographic composition can differ.

V.V.Rzhevskii offered to compute the reference specific consumption for crushing a rock massif
as follows [20]:

qref = 0:I'km (0 +0 O'tens + Osn ) +40p9 (2)

compr

where km — coefficient related to fracturing of the massif; ccompr — cCOmpressive strength; ctens — tension
strength; osh — shear strength; p — rock density.

The calculation formula for the design specific consumption by V.V. Rzhevskii method is related
to the calculation of consumption through the reference flow [21]:

qdes = qref Kexle K K K K

m” ¢’ ‘v’ toa’

where Kexpi — coefficient, considering the type of explosives; Kq — coefficient considering borehole di-
ameter; Km — coefficient considering massif fracturing; K. — coefficient considering the actual shape
and concentration of the charge; Kv — coefficient considering volume of blasted rock; Ko — coefficient
considering the number of open air.

The formula developed by “Giproruda” (Russian mining enterprise) is quite similar to the for-
mula of V.V.Rzhevskii, as the reference for this type of rocks is used to calculate the design specific
consumption rate [19]:

qdes = qref K K K K

expl

where K¢ — coefficient considering the degree of crushing; Ky — coefficient considering the borehole
deviation.

The “Soyuzvzryvprom” (a leading organization for drilling and blasting operations) formula
considers rock strength directly, and fracturing — through the average size of a piece in the massif [13]:

0.5 _
d j Koo 107,

S

Oes =0.13p £°%(0.6+3.3-10°d d )(

where dc— charge diameter, mm; do — average size of a piece in the massif, m; ds — size of the standard
piece in the rock mass breakdown, m.

The physical sense of the specific consumption of explosives is that it represents the specific energy
consumption of explosives for crushing of a given rock massif [21]:

=(E,

expl

where E — explosive energy of 1 kg explosives, kJ/kg.
Analyzing the presented formulas of specific consumption, it can be observed that three of these
formulas include the type of explosives through the relative workability coefficient [22]:
_E
expl — E

ref

K

expl

where Eexpl, Eref — explosion energy of 1 kg of used and reference explosives, respectively.
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Then, if you know the reference energy consumption for crushing of 1 m® of rocks, you can
identify its specific consumption according to the energy characteristics of the explosives. That, in
turn, will make it possible to change the volumetric concentration of energy at different depths of the
borehole in accordance with the physical and mechanical properties of the rocks at a given depth.

M.F.Drukovanyi et al. proposed to apply the weighted average value of specific consumption,
defined in accordance with the thickness of each layer, for calculations of charges in a layered massif *:

— qul +q2H2 +q3H3
H +H,+H,

where g1, g2, g3 — specific consumption of explosives for rocks of the first, second and third layers,
respectively; Hi, Hz, Hs — capacity of each layer.

This relation may be applicable for deposits where the layering is rather precisely defined by
rock outcrops on the free surfaces of the block. For those massifs where the structure is not constant
and changes within a small area of the blasted block, it is not reasonable to apply the formula
of M.F.Drukovanyi et al. Consequently, we face the following challenge: how to determine
the geological structure of the blasted block and the physical and mechanical properties of the
rocks composing this block.

The existing dependencies do not allow us to establish reference specific energy inputs for each
type of rock of a particular deposit. Actually, formula (2) is based on the assumption that compression,
tension and shear loads play the equal role during rock explosion. However, modern concepts of physics
of rock fracture during explosion indicate the prevailing tension load. Also, this fact is applicable only
for monolithic pure objects, as rock massifs are not. This means that the reference specific energy con-
sumption for rock crushing by explosion can be determined only experimentally, and these values will
be valid just for the studied deposit rocks. Nevertheless, regardless of the reference specific energy
consumption values for rock crushing by explosion, the task of structure determination of the block for
explosion is still unsolved (specific explosive consumption).

Now we will take a look at the technological parameters showing the complex of physical-me-
chanical properties of rocks.

As it is well-known, the rock strength coefficient of M.M.Protodyakonov is used for relative
assessment of the rock fracture resistance [23]:

_ Gcompr
f= 10 ' ®)
where ocompr — cOMpression strength, MPa.

This coefficient is a criterion for relative assessment of rock properties, and its value is correct
only for rocks of a particular deposit where the assessment was performed.

Drillability classifications are used for classification of rocks by difficulty of destruction.
A series of classifications is developed on the basis of drilling time of a linear meter of borehole,
drilling complexity (dimensionless coefficient), specific energy consumption [24]. The existence
of different classifications for the same process indicates both the complexity of the problem and the
incompleteness of its solution. It is impractical to compare the scales based on drilling time, as different
machines are applied. In the classification according to Building Code and Regulations-82 —drilling
hammer PR-30 is for all rocks, and in the Unified Classification of Drillability for rocks up
to 11 categories the machine tool SBR-160 (rock drilling machine) is used, from 12 and above —
SBSh-250 (rotary drilling rig).

* Drukovanyi M.F., Dubnov L.V., Ivanov K.I. et al. Drilling and Blasting Manual. Moscow: Nedra, 1976, p. 631.
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There is a general classification of blastability for rock evaluation according to the required amount of
explosives for crushing, developed by B.N.Kutuzov and V.F.Pluzhnikov for standard conditions (ledge
height 12-15 m, borehole diameter about 250 mm, explosives — grammonite 79/21, initiation scheme —
diagonal with short-delayed explosion), at explosion the yield of coarse fraction (more than 1000 mm) is
close to zero*. Consequently, the values of specific consumption for each explosivity category were
determined, and the classification also includes fracturing and the content in the massif of separates
greater than 500 mm and greater than 1500 mm. This classification has two disadvantages — a large
range of specific consumption values for the same category and the correspondence of several cate-
gories of drillability for one category of blastability. Table 1 demonstrates the correspondence of the

three categories.*

Table 1
Summary table of rock classifications by strength, drillability and blastability
Tensile stre_ngth uniaxsial Strength coefficient according (UDJ:HZE':::XJESS)S” acco?c:?r?;a:)()“gyl\mgs?uzov
compression, Pa-10 to the scale M.M.Protodyakonov standards, USSR) and V._E.Pluzhnikov
100-300 1-3 V-VII |
200-450 2-5 VII-X 1
300-650 3-7 IX-X1I 11
500-800 5-8 XI-X11 1\
700-1200 7-12 XIHI-XV \%
1100-1600 11-16 XIV-XVI VI
1450-2050 15-20 XV-XVIII Vil
1950-2500 20 XVII-XX Vi
2350-3000 20 XIX-XX I1X
2850 and more 20 XX X

The massif zoning by blastability, drillability, rock strength categories, i.e. in fact by physical
and mechanical properties of rocks and fracturing of the massif, is required for making optimal deci-
sions on mining planning. However, all the ways of zoning are based on direct contact with the array
of explosives or photography of ledges, open pit sides. Meanwhile, none of the methods may provide
an idea of physical and mechanical properties of rocks directly. Due to the fact that the scales of
drillability, blastability and strength are incomplete, the properties of rocks should be determined on
the blasted block with certain tools.

Laboratory tests based on the samples collected from the coring of rock massifs help to identify
the physical and mechanical properties of rocks with sufficient accuracy [25]. Currently, rock samples
make it possible to obtain a large amount of data that help to design drilling and blasting operations.
The main disadvantage of this method is the great time spent from the moment of sampling to obtaining
information. Besides, it is necessary to carefully polish the end surfaces, their parallelism and mono-
lithicity of the samples are required [26]. On top of that, it is required to ensure the safety of core
samples during removal and transportation. According to the standards, a high volume of material by
weight and length is demanded, that is not always feasible [26].

The proposed solution to this task is the testing of irregular-shaped rock samples by compressing
them with spherical indenters, developed at the St. Petersburg Mining University [27]. The main idea
is to fix the destructive force and measure the surface area of the break and the fractured rock zones in

* Kutuzov B.N. Methods of blasting. Part 1. Destruction of rocks by explosion. Moscow: Mining Book, 2007, p. 471.
** Trubetskoy K.N., Potapov M.G., Vinitsky K.E. et al. Open-pit mining operations. Moscow: Bureau of Mines, 1994, p. 590.
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contact with the indentors. Such tests do not require properly shaped samples, reducing the time and
cost. Studies have shown the validity of this method — the variation between cylindrical and irregu-
larly shaped samples is not great. However, it still demands appropriate equipment, manpower, and
the processing of a large amount of data.

One promising approach to define physical and mechanical properties of rocks and rock fractur-
ing is the MWD (measurement while drilling) technology [28-31]. The main idea of the technology
is to measure drilling parameters, such as feed pressure, pressure on the rotator, energy characteristics
of the corresponding units, drilling speed, etc. To get data on rock properties, no special equipment
(except for the one installed on the drilling machine) and properly trained people are required. Data
interpretation is accomplished with computer programs that calculate drilling and blasting parameters
based on the defined patterns.

The first time this technology was used in 1911 in the oil industry, and only in the 1970s it was
introduced in the mining industry. Classification of rocks according to their specific mechanical drill-
ing energy was suggested by R.Teale, who worked out formulas for calculating this energy for dif-
ferent drilling methods [32]. The equations consider the load on the drill bit, bit rotation speed, its
torque and drilling speed.

H.Schunnesson showed that drilling parameters may be applied to assess the physical and me-
chanical properties of rocks if these properties differ significantly, i.e. the geological structure
changes [33, 34].

I.E.Dolgiy and N.l.Nikolaev claim that in drilling the energy spent on destruction is deter-
mined by the total set of physical and mechanical properties of rocks, and propose to evaluate rocks
by specific volumetric work of destruction [35].

I.A. Tangaev developed a classification of rocks by drillability, suggesting to estimate rocks by
their specific energy consumption of drilling with a roller cone method [36]:

€=—,
\"
where N — rotator power, KW; v — drilling speed.

Since physical and mechanical properties of rocks, both on samples and by geophysical methods,
are extremely labor-intensive and require special conditions, MWD technology is the best way to
solve the issue of rock identification [32].

Rock identification algorithm:

« identify the rock types composing the massif of the given deposit;

« determine physical and mechanical properties of these rocks in a laboratory using samples;

« get correlation dependence between drilling parameters and physical and mechanical properties
of rocks;

« determine the specific energy consumption for blast crushing of each rock type.

Methods. In order to define the relation between drilling parameters and physical and mechanical
properties of the Kuranakh ore field rocks, the following technique was developed:

* The geological service picks one or more technological blocks that, in the opinion of the geol-
ogist, correspond to characteristic rock types composing the Kuranakh ore field deposit array.

» While technological drilling, some parameters are analyzed starting from the depth of 4-5 m
from the borehole mouth (drilling energy consumption, axial loads, technical drilling speed, etc.)
according to the data of the onboard controller “Kobus”.

* There are three or four boreholes with the same parameters (specific drilling energy consump-
tion is taken as a basis) for each characteristic rock type.

+ Close to the selected boreholes the exploration drilling is performed with sampling of core from
a depth of 4-5 m from the mouth. The exploration borehole distance should not exceed 1 m. From
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each exploration well 1-1.5 m of core of one rock type is taken. For each rock type, at least 3 m of
core is sampled.

A Boart Longyear LV 75 crawler-mounted core drilling machine was applied in geological explo-
ration. It can drill boreholes with a diameter of 108 mm (outer pipe diameter) and obtain a core with a
diameter of 67 mm. The core was collected in accordance with the State Standard 12071 “Soils. Selec-
tion, packing, transportation and storage of samples”. Each selected sample was put in a stretch wrap
to protect it from moisture and labeled (name of the rock, depth and location of sampling). Simultane-
ously, there was a field log with more extensive description of each core meter.

The Atlas Copco DML machine was applied for drilling technological boreholes, their diameter
is 230 mm. The machine is equipped with a “Kobus” on-board controller, which is part of the Blast-
Maker software system that transmits information on drilling parameters in real time. New bits were
used to exclude the influence of roller cone bits wear on drilling parameters.

The following physical and mechanical properties were determined in a laboratory: uniaxial
compression, tension strength, compression shear and density, in accordance with the relevant State
Standard Specifications. While drilling technological boreholes, the color of cuttings, their moisture,
various drilling sounds (knocking, scraping) were recorded.

The results were approved by blasting the technological block. Specific energy consumption of
drilling and drilling products (cuttings) were analyzed and identified based on the observation
method.

Based on the analysis of geological documentation, the following types of rocks characteristic
of the studied deposit were identified: fine-grained dolomitized limestones; medium-grained dense
dolomitized limestones; fine-grained sandstones; loams of different plasticity. The results of
geological drilling are given in Table 2. The results of the obtained rock samples laboratory tests for
uniaxial compression, tension and compression shear are presented in Table 3.

Table 2

Geological structure of the sites

Engine%rci)?ghg(leglogical Depth, m Capacity, m Short description of soils
0.0-1.7 1.7 Plastic sandy loam
1.7-54 3.7 Brown-gray dolomitized limestone
5.4-9.1 3.7 Crushed stone soil (limestone, up to 10 cm)
1 9.1-95 0.4 Brown-gray dolomitized silicified limestone
95-10.9 14 E}r;ghcen(:)stone soil (gray-brown rusty cavernous limestone, pieces up
10.9-14.0 3.1 Gray-brown rusty cavernous limestone (silicon dioxide)
00-4.9 49 Heavy red-brown, soft-plastic loam (from 0.7 m up to 0.7 m tight-plastic),
rusty
49-8.0 31 Brown dense water-saturated sand, heterogeneous, inclusions of fine gravel
2 up to 10 %
8.0-11.3 3.30 Heavy red-brown tight plastic loam
11.3-14.0 2.7 Light brown tight plastic loam (to soft-plastic)
14.0-15.0 1.0 Red-brown rusty cavernous limestone
0.0-1.0 1.0 Brown plastic sandy loam with crushed stone up to 25 % (sedimentary rocks)
1.0-15 0.5 Crushed stone soil (up to 10 cm), sedimentary rocks — sandstone
3 1540 25 Gray-brown fine-grained, weathered, weakly cemented rusty sandstone,
RQD =40 %
4.0-5.0 1.0 Crushed stone soil (up to 20 cm) (sedimentary rocks — sandstone)
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End of Table 2
Engine%r(i?eg;hgtleglogical Depth, m Capacity, m Short description of soils
Gray-brown fine-grained sandstone, RQD = 40 %, from 10 m brown spots of
5.0-13.5 8.5 ) h
3 iron formation up to 2 cm appeared, from 11 m caverns up to 0.5 cm occurred
13.5-15.0 15 Crushed stone soil (sedimentary rock — sandstone) silicified up to 20 cm
0.0-1.2 12 Heavy red-brown tight-plastic loam, rusty (inclusions of sedimentary
o ‘ rocks — 30 %) with frequent interlayers of brown sand up to 0.5-1 cm thick
1.2-4.3 3.1 Crushed stone soil (gray limestone up to 10 cm)
Soft red-brown loam with frequent interlayers of red-brown sand up to 3 cm
4 4.3-7.9 3.6 thick, inclusions of fine crushed sedimentary rocks up to 15 %, frozen
ground
Crushed stone soil (light gray limestone up to 20 cm), light gray loam aggre-
7.9-9.9 2.0
gate up to 20 %
9.9-15.0 51 Brown-gray limestone, rusty dolomitized, RQD = 80 %, thin interlayers of

quartzite

Table 3
Test results of rock samples in uniaxial compression, tension and compression shearing
Engine%r(i)rgghgtleglogical Soil type Sampling depth, m Density p, g/cm?® Geomprs MPa Giensy Mpa Tshear, MP2
Limestone 2.5-2.65 — - - 51.40
e 3.5-37 2.49 105.5 11.65 -
== 43-4.8 2.66 107.5 11.88 -
== 5.0-5.15 2.28 66.3 6.5 -

1 == 9.3-9.4 - - - 67.65
= 11.3-11.65 2.15 19.1 1 -
= 12.5-12.7 2.38 59.9 3 -
= 12.7-13.0 2.6 73.8 3.55 46.66
= 13.0-13.25 2.36 46.6 2.3 -

2 Limestone 14.6-14.75 2.12 30.4 15 =

Sandstone 1.65-1.8 2.58 14.3 0.57 -
e 1.8-2.0 2.58 19.3 0.77 -
== 3.0-3.3 2.62 28.7 2.5 -
= 3.5-3.8 2.25 28.7 - 6.22
= 5.1-5.3 2.57 40.4 1.62 -
= 5.5-5.7 2.54 36.6 1.46 -
= 5.7-6.0 2.61 32,5 1.33 -
= 7.0-7.3 2.32 47.9 457 35.67

3 = 9.0-9.3 2.58 143 0.57 -
- 9.6-9.7 2.61 146 0.6 -
e 10.0-10.2 2.55 374 3.4 -
e 10.2-10.4 2.35 374 - 21.93
e 10.4-10.7 2.53 12.8 0.53 -
e 11.5-11.7 2.58 32,5 2.1 -
- 12.0-12.5 2.56 30.7 1.25 -
- 13.1-13.25 - - 4.41 57.12
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End of Table 3
Engine%r;?é]hgtleglogical Soil type Sampling depth, m Density p, g/cm? Geomprs MPa Gtenss Mpa Tshear, MPa

Limestone 12.0-12.15 - - 25.02 206.2
—"— 12.5-12.7 2.59 94 3.9 -

=" 12.7-13.0 - - - 61.55
4 =" 13.0-13.2 2.62 95 4.2 -

=" 13.3-13.7 2.55 111.7 7.67 91.53
—"— 14.65-15.0 2.63 69 2.8 -

Before starting, the engineer-designer of drilling and blasting operation in the BlastMaker pro-
gram complex set the location of work sites (blocks) on the field plan and specified the number of
boreholes for each block (Table 4).

Figures 1,2 present the drilling parameters

recorded by the onboard controller and the distribution
graph of specific energy consumption by the roller
cone method. Figure 3, a shows the distribution of

Table 4

Correspondence of blocks and production wells
to engineering geological boreholes

L . Engineering The block
drilling energy consumption values, produced by the geological Torobor Borehole number
BlastMaker program, depending on the rock strength borehole
coefficient, received from the results of testing rock BLOCK-5-550-1-1
samples. The rock hardness coefficient was estimated 1 5-550-1 | BLOCK-5-550-1-2
by the formula (3) via the uniaxial compression BLOCK -5-550-1-3
strength of the sample. This distribution shows that a BLOCK -5-550-2-1
part of values is incorrect. The reason is the fact that ) 5502 BLOCK -5-550-2-2
drilling with a roller cone machine was performed on R BLOCK -5-550-2-3
disturbed rocks. This phenomenon is caused by the ex- BLOCK -5-550-2-4
treme variability of the _Kuranakh ore field massif BLOCK -5-550-3-1
structure. T_hus, t_he sam_plmg was ba}setd on the results 3 55503 | BLOCK -5-550-3.2
of observations, in particular, on drilling sludge. The BLOCK -5.550.3.3
acquired data set was processed by cluster analysis BLOCK 555041
method with the ANN classifier. Cluster analysis pro-

: . 4 5-550-4 | BLOCK -5-550-4-2
vides a smaller amount of data for modeling [37], and
the use of neural networks helps to “evolve” the mathe- BLOCK -5-550-4-3

matical model as new data become available [38, 39].
Figure 3, b demonstrates the distribution of the filtered values and shows the correlation between
the specific energy consumption of drilling and the hardness coefficient of the selected rocks.

The graph (Fig.3, b) shows that the values of specific energy consumption of drilling by the roller
cone method and rock hardness coefficient are approximated by a logarithmic function with a validity
coefficient of 0.84:

E =14.566In f +9.3502,

where E — specific drilling energy consumption in BlastMaker, MJ/m?3; f — rock hardness coefficient.
Then, the hardness coefficient can be calculated as:

E-9.3502
f —g 14566
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Fig.1. Blast drilling parameters provided by BlastMaker software
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Fig.2. Dependence of specific energy consumption of roller cone drilling on block 5-550-1 on well depth

Data analysis revealed the following:

« rock density does not affect the parameters of roller cone drilling;

« the tension strength of the sample has an influence on the axial pressure values;

« the number of rock sample compressive shear strength values is insufficient to reveal statisti-
cally significant correlation dependencies.

Therefore, the specific energy consumption of drilling was taken as the main parameter of
drilling boreholes using the roller cone method.
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Fig.3. Distribution of drilling energy consumption values in correlation with the values of rock hardness
coefficient recorded by BlastMaker (a) and after data filtration (b)

We tested the results on technological blocks consisting of clay rocks and limestone, according
to geological exploration data. Initially, the explosive block was drilled by the roller cone drilling
machines with the “Kobus” on-board controller. Then, the obtained data on drilling energy consump-
tion were used to select the required charge design and calculate the mass of explosives in each hole.
During block preparation for explosion one-half was charged using the technology approved at the
enterprise.

Drilling and blasting parameters at the experimental blocks: borehole grid axb —
6 x 7,6 x 6, 6 x 6 m; specific consumption q — 0.58, 0.57, 0.69 kg/m?; stemming type — sand-clay
mixture; initiation system — non-electric (“Iskra™).

The second part was charged in accordance with the drilling data. That is, in the boreholes
where the coefficient of rock hardness was more than two, solid charges of granulite RP were made;
in case of a lower hardness coefficient there were deck charges. The same construction was also
implemented in the boreholes, where hardness coefficient of rocks was less than two. A sand-clay
mixture was used as stemming, that kept the gaseous explosion products inside the borehole suffi-
ciently for a long time to fully transfer the explosion energy to the walls of the blast hole [40].
At the same time, the borehole grid remained unchanged.
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Figure 4 shows the plans of the experimental
blocks with the areas where charging was done
with the proposed method. The initiation means at
the sections with standard parameters of blasting
and drilling and at the experimental sections were
linked into a single explosive system.

It was determined from the site examination
that in the standard block sections with concen-
trated charges the explosion caused ejection
funnels, thus indicating an excessive mass of
explosives, and on the experimental sites the num-
ber and size of the funnels were smaller (Fig.5).
Excavation performance at the experimental sec-
tions of blocks, according to the excavation data,
was 15 to 20 % higher than at the standard ones.
That indicates the relevance of the proposed
approach to determine blasting and drilling parame-
ters based on the results of specific drilling
energy consumption measurement.

Results and discussion. It is essential to
emphasize that the correlation between the physi-
cal and mechanical properties of rocks and drilling
parameters is the only reliable way to identify
rocks, since each parameter is determined di-
rectly on the samples and on the rock mass. It is
worth to know that the obtained correlation de-
pendence is valid only for the Kuranakh ore field
rocks. However, the proposed method is applica-
ble to all deposits. The application of this tech-
nique is reasonable at those deposits where
physical and mechanical properties of rocks are
sharply different.

The next step is to estimate the reference spe-
cific energy consumption for rock crushing by the
explosion of different strength of rocks that com-
pose the massif of the Kuranakh ore field. It will

Fig.4. Location plans of drilling and blasting wells on . ..
the experimental blocks (green contour are areas where allow to achieve the optimization of energy costs

explosive charging was done according to the specific and calculation of the charge mass necessary for

energy consumption of drillin . - .
v P 9 crushing of the rock massif in this area.

Conclusion. Based on the study of national and international experience, it was found that
the quality of the explosion depends on the specific energy consumption for rock crushing by
explosion, which, in turn, depends on the physical and mechanical properties of rocks. Despite
the charge energy distribution, achieving the necessary volumetric concentration of energy
in different parts of the borehole, these methods are useful only in the mining enterprises where
the massif structure is known with accurate. These include, for example, deposits with unchanging
layering, and that can be identified by layer exposures on the scarp slope. At the deposits with complex
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Fig.5. Results of drilling and blasting on the experimental block (yellow color indicates funnels
with standard parameters, green — with experimental ones)

geological structure, where the massif structure varies within small areas, it is not reliable to
determine the structure on exposed surfaces. As a result, the calculation of drilling and blasting pa-
rameters, as a rule, is based on the hardest rocks, resulting in overconsumption of explosives and
suboptimal crushing quality.

These properties are obtained at each blasted block by testing rock samples, which is a very
labor-intensive and time-consuming job. However, it is known that drilling parameters — drilling
speed, drilling energy, axial pressure exerted on the bottom hole, rotator power — respond to changes
in these properties during rock fracture. We propose the algorithm for the task of rational energy
distribution over the borehole depth depending on rock physical-mechanical properties. The correla-
tion between the drilling parameters and these properties will make it possible to identify the block
rocks. This will provide data on rock physical and mechanical properties, but it will not make it
possible to determine the required amount of explosives both at the borehole depth and over the area.
To achieve the task, it is essential to estimate the reference specific energy consumption for each rock
type that forms the rock massif. As a result, the rock classification based on the values of drilling
parameters and the specific energy consumption for crushing of these rocks makes it possible to ra-
tionally distribute the explosion energy both at the depth of the borehole and over the block area.
Further, it will provide an excellent opportunity to obtain the required quality of crushing.
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Abstract. Directions for the technical and technological development of aluminium industry, existing and promising
projects to reduce the energy consumption and the environmental impact are analyzed. The active participation of the
state in the organization of financial instruments for the ecological reconstruction of obsolete production facilities is
discussed. In spite of the fact that the technology of aluminium pots is developed towards the increase of a single
capacity, but with limited potential of reducing energy consumption and greenhouse gases emission, the possibilities
for the increase of specific output are practically non-existent. Therefore, such projects like pots, equipped with
inert anodes and drained cathodes arise and are under development, the successful completion of which is unlikely
after multi-year researches and pilot tests. To continue the works related to inert anodes the decisive answer about the
industrial safety of local sources of the massive oxygen emissions to atmosphere is required from competent entities.
The drained cathode project, after discussing the existing problems, seems unfeasible. As opposed to the existing tech-
nology the development of the pots with vertical electrodes offers great opportunities to the designs of inert anodes and
drained cathodes. Positive results of using shaped electrodes, homogenizing their surface and developing the methods
for the synthesis of composite cathodes directly during the electrolytic process were obtained in laboratory conditions.
It is expected that the combination of these trends and the successive dimensional scaling shall allow using the vertical
electrodes at the next level for the fold increase of specific pot capacity and for the decrease of energy consumption
and greenhouse gas emissions.

Keywords: aluminium pot; best available technologies; energy consumption; inert anode; drained cathode; wetta-
bility; vertical electrode; specific capacity
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Introduction. To develop the mineral-raw material and fuel-and-energy complexes it is neces-
sary to develop new technical solutions and technologies for the production of science-intensive com-
mercial output [1-3]. It is obvious that the selection of industrial technologies and directions for the
modernization shall be guided by best parameters and conceivable mechanisms for their implemen-
tation [4-7]. In addition, for the purpose of global energy transition and in pursuit of using carbonless
energy sources the need to adapt the production to progressively more stringent environmental re-
strictions increases [8-10]. In that event the state and industrial companies propose to use the concep-
tion of best available technologies that is world-recognized and known from 1960-s [11].

In Russia the elaboration of approaches to the estimation of production efficiency related to re-
sources started up by enacting the special Federal Law N 219-FZ dated 21.07.2014.% Its provisions
introduced the concept of “best available technology” (BAT) to the regulatory environment for the
first time and they established criteria for its achievement. Powers of federal agencies of executive
authority, order and rules for BAT definition were evidenced in the Government decree N 1458 of

! Federal law “On Amendments to the Federal Law on Environmental Protection and Certain Legislative Acts of the
Russian Federation” dated 21.07.2014 N 219-FZ. URL: https://www.consultant.ru/document/cons_doc_LAW_165823/
(accessed 31.10.2023).
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CEE:

December 23, 2014.2 According to this decree the exercise of powers within federal budget alloca-
tions and its supervision were assigned to the RF Ministry for Industry and Trade and to the Federal
Technical Regulation and Metrology Agency. This same decree defines participants of BAT deve-
lopment, working conditions for the Bureau for best available technologies (BAT Bureau — Federal
State Independent Institution “Research Institute Center of Environmental Industrial Policy”®) and
working groups to collect, analyze and generate data for information and technical reference books
on best available technologies. The rules underlay conditions for the actualization of these reference
books in order to renew obsolete data and to introduce new ones. In accordance with milestone sche-
dule, approved by RF Government edict N 2178-p dated 31.10.2014,* the process of BAT reference-
book development started up.

Under this work, the first information and technical reference book for aluminium industry ITS
NDT 11-2016 “Aluminium Production” was issued in 2016. Its actualization took place every three
years — in 2019 and in 2022. The conception for the definition of normative and technical documenta-
tion and rules for the compilation of reference books, adopted by the government, uses the evolutionary
development of technical facilities, technologies and materials, i.e. the reconstruction of basic produc-
tion and environmental protection technologies. From the other side, to provide the development of up-
to-date technologies of electrolytic aluminium production the scientific centers of companies work hard
on new projects. At the stage of new tendencies planning the accent is made on the reduction of energy
consumption and environmental impact, on the increase of aluminium pots capacity and service life.
The implementation of the projects, in particular, strategic ones, requires and spends considerable fi-
nancial resources. Therefore, at the stage of projects planning and during their realization it is very
important to be aware of the risks of possible unsatisfactory results and to correct them on time.

In 2014 the mechanism of ecological and technological modernization of obsolete production
facilities was started up in Russia. The internal projects of industrial companies gather speed. The
time period is rather long in order to discuss and analyze the ecological reconstruction, organized by
state entities, and promising trends of modernization, which is initiated and implemented by alu-
minium producers. Even at this stage it is possible to define perspectives of aluminium industry
development and perspectives of existing and promising projects for the decrease of energy con-
sumption and environmental impact by aluminium pots.

The purpose of analytical overview presented is to define most promising technology for the
production of aluminium by electrolytic method.

Ecological reconstruction. BAT Information and technical reference books that contain the de-
scription of available technologies, production efficiency indices and maximum admissible levels of
harmful emissions, are prepared in BAT Bureaus with participation of industry experts, and these
reference books are the platform for the decision making on the modernization of obsolete technolo-
gies. Reference books of 2019° and 2022° are focused on ecological and environmental protection
parameters. As to technical and technological parameters, sections 4 and 5 related to best available
technologies, fix parameters of raw material consumption and current efficiency only. Such important
parameter like specific consumption of electric energy for the aluminium production is not provided

2 RF Government edict dated 23.12.2014 N 1458 “On the procedure for determining technology as the best available technology,
as well as the development, updating and publication of information and technical reference books on the best available technologies”.
URL: https://www.consultant.ru/document/cons_doc_LAW_172796/ (accessed 31.10.2023).

3 Federal State Autonomous Institution “Scientific Research Institute “Center for Environmental Industrial Policy”. From
January 1, 2017 the Government of the Russian Federation has assigned the functions of the Bureau of the Best Available Tech-
nologies to the “Scientific Research Institute “Center of Ecological Industrial Policy”.

4 RF Government edict dated 31.10.2014 N 2178-p “On approval of a phased schedule for the creation of industry reference books
of the best available technologies in 2015-2017”. URL: https://www.consultant.ru/document/cons_doc_LAW_170718/ (accessed
31.10.2023).

5 Aluminium production: information and technical reference book on best available technologies. ITS NDT 11-2019. Moscow:
NDT Bureau, 2019, p. 238.

6 Aluminium production: information and technical reference book on best available technologies. ITS NDT 11-2022. Moscow:
NDT Bureau, 2022, p. 263.
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in BAT normative and technical documentation. Upon the results of the consideration of economic
aspects of the best available technologies implementation and levels of capital expenses on the
modernization, the reference books state “...The conversion of Soderberg technology into the
technology of aluminium production using pre-bake anodes shall require at least $ 2-4 thousand of
capital investments per 1 ton of aluminium. Taking into account the current price level, production
profitability and cost of borrowing, such project shall not be cost-effective”. However, in spring of
2021 UC RUSAL announces the modernization of four Siberian Soderberg smelters. It is said that
the project is of environmental protection nature — half of the pots, operating according to the old
technology in Krasnoyarsk, Bratsk, Irkutsk, and Novokuznetsk, shall be substituted by most modern
ones — PA-550. Under this project RUSAL modernizes pots that produce more than 1.4 Mt of alu-
minium (35 % from all capacities). As the result, the production volume shall not change but the
emission of fluorides from modernized pots shall drop by 73 % and the emission of benzopyrene shall
decrease by 100 %. At the same time in April 2021, the company En+ Group (RUSAL) announced
the production of aluminium using the inert anode technology and declared the target to achieve
the zero level of greenhouse gas emissions by the year of 2050, and by 2030 to reduce reducing
them by 35 %8,

In 2021 in support of information and technical reference books the decree of RF government
approved criteria for RF sustainable development projects, including those for aluminium industry®.
First of all, it highlights the need to correlate parameters of resource and energy efficiency with pa-
rameters, fixed in the reference book of second generation ITS 11-2019 “Aluminium production”.
Criteria stipulate current technical and technological parameters of primary aluminium production. It
is proposed to use ecological parameters, already achieved:

« direct emissions of greenhouse gases — not more than 1.514 t CO2-equ/t aluminium (Scope 1);

« total emissions from electrolytic reduction process and from electric energy production — 3 t
CO2-equ/t Al (current emissions — 2.2 t CO,-equ/t Al for ALLOW brand*?, Scope 2).

Then, in March 2023 the RF Government decree made alterations to the criteria for RF sus-
tainable development projects®?. In the new edition the criterion of the necessary correlation of resource
and energy efficiency parameters with parameters, fixed in reference books related to best available
technologies, is not already mentioned. So, the need in achievement of best indices for energy saving
and for increase of the efficiency of resources use, which provide ecological parameters of the produc-
tion, is excluded from top targets of the projects. In addition, the criterion of compliance “... with lower
level of indicative parameter (IP2) of specific greenhouse gas emissions” is established for the processes
of electrolytic primary aluminium production in accordance with information and technical reference
book on best available technologies “Aluminium Production (ITS 11-2022)”. However, in accordance
with this reference book, greenhouse gases are not available in the list of pollutant matters, subjected to
the state regulation (RF Government edict N 1316-p dated 08.07.2015). Therefore, we have to
acknowledge that to modernize existing electrolytic reduction technologies it is proposed to use current
parameters of direct greenhouse gas emissions within 1.5-3.2 t CO2-equ/t Al (Scope 1). As to the
parameter of total emissions from reduction facilities and from energy production facilities (Scope 2),
it is missing in criteria for sustainable development projects. Consequently, the approval of alterations
resulted in that the criteria for sustainable development projects are not such; it means the step back
has been made relative to the first 2021 edition of criteria.

"RUSAL modernizes its smelter in Siberia. URL: https://www.interfax.ru/russia/761125 (accessed 31.10.2023).

8 En+ Group reports and results: 2020 annual report. URL.: https://enplusgroup.com/ru/investors/results-and-disclosure/an-
nual-reports/ (accessed 31.10.2023).

9 RF Government edict dated 21.09.2021 N 1587 “On approval of criteria for sustainable (including green) development projects
in the Russian Federation and requirements for the verification system for sustainable (including green) development projects in the
Russian Federation”. URL.: http://publication.pravo.gov.ru/Document/View/0001202109240043 (accessed 31.10.2023).

10 sustainable development report: RUSAL, 2021. URL: https://rusal.ru/sustainability/report/ (accessed 31.10.2023).

1 RF Government edict dated 11.03.2023 N 373 “On Amendments to the Decree of the Government of the Russian Federation
dated September 21, 2021. N 1587”. URL: http://publication.pravo.gov.ru/Document/View/0001202303140005 (accessed 31.10.2023).
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Additional criteria for production facilities under modernization and for newly built ones that
are listed in the documents of RF government belong entirely to the ecological criteria. Enterprises
have to meet one additional criterion at least; for example, promising technologies:

+ aluminium production using inert anodes;

« use of the heat of exhaust gases from pyro-metallurgical processes for the production of thermal
and electric energy in waste-heat boilers;

« technology for (CO2) — CCS Carbon Capture & Storage.

In other words, the technology of inert oxygen-emissive anode, developed by UC RUSAL in
2004, is under consideration; but in this respect, the promising development of the technology for
carbon dioxide capture and storage is prudently offered.

Thus, the best available technologies for the aluminium production are fixed in industrial infor-
mation and technical reference books as achieved ones. Based on this, the edicts of RF government
define criteria for ecological projects in aluminium branch including electrolytic aluminium produc-
tion. Documents provide the basis for the involvement of “green financing” for the realization of
specific projects — green and adaptation projects (jointly, projects of sustainable development); they
provide the basis for national infrastructure of responsible investments'?. In fact, the mutually profit-
able deal is concluded between the government and metallurgists. An aluminium company raises the
finances for the modernization of obsolete production facilities and gets a chance for the technical
and technological development. The state regains confidence in providing ecological standards and
working places in modern production sectors.

Promising directions. Over the last 120-125 years on the aluminium production the level of
greenhouse gas emissions has been almost halved — in average to 1.4 t CO2-equ/t Al, the significant
progress in energy consumption reduction was achieved — from 40 to 13.0-135 kWh/kg Al [12, 13].
However, the volume of greenhouse gas emissions remains high, and the energy cost item in the metal
cost value —significant (30-40 %) depending on energy source. In addition, the attempts of aluminium
companies to increase the specific capacity of the pots are restricted by admissible limits of current
density increase and by horizontal configuration of electrodes. These circumstances encourage con-
tinuous investigations, developments and tests of new technologies purposing the reduction in spe-
cific electric energy consumption and in harmful matters emissions, and the increase of aluminium
pots capacity.

Energy consumption. In conditions of up-to-date pot operation under control of automated pro-
cess control system with maximum available current efficiency and optimal busbar design the reduc-
tion in energy consumption is possible by minimization of pot voltage only

U:EEMF+IiRi’

where | — pot amperage (in potline); Ri — resistance of electrolytic bath within the space between
anode and cathode, resistances of bubble layer, electrodes, contacts and connecting systems in cathode
and anode assemblies.

With standard technology management and use of high-quality pre-bake anodes it is difficult or
impossible to have in influence on the back electromotive force Eemr. In practice a certain reduction

n
in ohmic voltage loss IZRi is achieved by so called millivolts pursuit strategy that comprises the up-

I
to-dating of the design of anode yokes and stubs, contact units in the busbar system, anode risers and
cathode flexibles [14, 15]. Taking into consideration the long-term application of this strategy in prac-
tice, the potential saving amounts to approx. 120 kWh/t Al. The energy consumption is reduced by
about the same amount if use slot anode blocks (by reducing the thickness of gas film on the anode
table) ~ 240 kwWh/t Al in total. This is a substantial saving considering the annual aluminium output.

12 The Government of Russia approved the criteria of green projects. URL: https://www.economy.gov.ru/material/news/ pravi-
telstvo_rossii_utverdilo_Kkriterii_zelenyh_proektov.html (accessed 31.10.2023).
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However, it could be fully balanced by increase of micro-impurities content in raw material, mostly
in petroleum coke. The process of sulphure, sodium, titanium, vanadium and other metals recovery
taking place on the cathode can considerably decrease the current efficiency and, accordingly, in-
crease the electric energy consumption for the electrolytic process [16-18].

A lot of attention is paid to voltage losses in cathode blocks: summarized voltage drop in the pot
bottom averages about 380 mV; which corresponds to the electric energy consumption of approx.
1200 kWh/t Al. The voltage losses in this unit can be reduced to 250 mV by applying best available
coupling technology in the contact between collector bar and block and by selecting cathode blocks
with higher content of graphite; i.e. there is a possibility to save about 420 kWh/t Al. However, this
achievement could be saved during the whole service life of the pot only in case of successful selec-
tion of the cathode assembly design and adequate technological policy for erection and electrolytic
process conduction. The word “successful” is quite appropriate here because it is impossible to pre-
dict accurately the results of the movements of cathode blocks and block joints during the pot opera-
tion, during the infiltration of the melt through the carbon bottom, its accumulation within liquid and
solid phases. It is also impossible to predict the state of the collector bar/block contact and other
factors.

The main reserve for the energy consumption decrease within the aluminium pot is localized in the
narrow space between anode and cathode. VVoltage losses take place in the electrolytic bath layer having
the specific resistance of about 0.5 Ohm-cm. At the current density of 0.80 A/cm? and current efficiency
of 0.93 % the change of 1 cm in anode-cathode distance corresponds to the voltage of about 400 mV,
I.e. to the energy component of about 1300 kWh/t Al. This means that for the potline consisted of
300-600 kA pots, the reduction in the distance between anode and cathode from 4 to 3 cm allows theo-
retically to decrease the electric energy consumption from 13200 to 11900 kWh per 1t of produced
aluminium. It is obvious that even considering the potentials of Automated Process Control System,
busbar and lining materials these values shall be limit values for the standard available reduction
technology using horizontal electrodes.

The further insignificant reduction of anode-cathode distance and electric energy consumption is
only possible by involving cathode materials wettable with molten aluminium. In this case the condi-
tions shall be established to bring the metal level on the wettable bottom from 10-15 to 5-7 cm and
thereby to lower the threshold of MHD-instability (Magneto-Hydro-Dynamic). With moderate melt
circulation, equal distribution of alumina concentration within electrolytic bath and evacuation of anode
gases from the table of electrodes there is a probability for the reduction of anode-cathode distance for
another 0.5cm (to 2.5cm), i.e. there is a provision for the decrease of energy consumption to
11250 kWh/t Al. Maybe, this is a limit for standard Hall — Heroult technology with elements of inno-
vative cathode materials. Nevertheless, it is necessary to correlate this apparently attainable level of
electric energy consumption with costs on the creation of special composite materials.

Inert anode. The conception of inert anodes for the electrolysis of the melts was firstly proposed
by C.M.Hall in famous patent of 1886 [19] and extended by A.l.Belyaev and Ya.V.Studentsov in
1930-s [20-22]. C.Hall tried to use copper anodes and Russian researchers — metallic, oxide, and
ferrite anodes. Further, a huge amount of papers was related to inert anodes [23-25], which was evi-
denced in reviews [26, 27], articles [28-30] and reports*®.

Therefore, for the discussion we propose the direction that was not considered in above mentioned
publications. Let us notice right away that it is not the results of our research that are being discussed,
but the existing ideas of specialists in industrial safety. The question is about oxygen that is released
on the inert anode in amount of 0,9 t while producing 1t of aluminium; which according to En+

13 Bradford D.R. Inert Anode Metal Life in Low Temperature Reduction Process. Final Technical Report for September 17, 1998
through March 31, 2005. Award Number: DE-FC36-981D13662. 2005, p. 106. URL: https://ntrl.ntis.gov/NTRL/dashboard/
searchResults/titleDetail/DE2006841153.xhtml (accessed 31.10.2023).
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L
Group company is equivalent to 70 ha of forest!*. Continuing this arithmetic, the supposed operation
of an aluminium smelter with annual capacity of 500,000 t Al is equivalent to the release of about
1230 t of oxygen per day and to the plantation of 35 million ha of forest area over year. Apparent
prospects satisfy both potential oxygen producers and local authorities and population around the
smelter.

From the other side V.Marshall, a known English scientist in the field of industrial safety in-
sists that the massive release and prolong outflow of gases could result in the formation of gas-
vapor clouds [31]. The mixing of the clouds, containing the excess of oxygen, with air retains the
excess of oxygen in atmosphere. For example, while mixing 50 % of oxygen with 50 % of air the
mixture is formed that contains more than 50 % of oxygen in its composition. Main problem, related
to oxygen excess consists in the enhanced combustibility’® — the threshold of initial flash energy,
which initiates combustion, lowers; the burning speed increases; the flame extinguishment becomes
difficult [32].

The change in air composition and the concentration of atmospheric pollutants depend on the
emission amount and height, on meteorological conditions, atmospheric pressure, wind direction and
speed. It is found that in general case the maximum height of the emission source determines its
greater dispersion and lesser concentration of impurities. This is facilitated by the stability of atmos-
phere, by dense high clouds, negative temperature gradient, formation of inversion over the stack or
below the emission point.

However, in conditions of strong convective turbulence the undulating plume flame is observed,
propagating the emission to the land level where its concentration could be significant (Fig.1). The
high concentration of emission is also fixed with smoking plume when the stable air layer is at the
small distance over the emission point and the unstable layer is below the emission point. When the
unstable air layer reaches the height of the stack, big volumes of emission from the stack are trans-
ferred downwind to the land surface. This lasts not more than half an hour, but during this time the
ground-level concentration of emissions can achieve high values and keep for a long time (Fig.2)*’.

When with increase of the height the temperature goes up, the temperature gradient is negative
and atmospheric conditions are defined as an inversion. The presence of inversion reduces the vertical
mixing of emission (oxygen masses); which results in the increase of its concentration in the surface
atmospheric air. The repeatability of surface inversions and gentle breeze at continental areas deter-
mines the possibility of air blanketing at these areas, the concentration of emissions and their accu-
mulation in the surface layer of the atmosphere.

Fig.1. Drifting emission in Novotroitsk Fig.2. Smoke spread in the main square in Bratsk

14 En+ Group ESG-Report: Pathway to net zero 2021. URL.: https://enplusgroup.com/upload/iblock/fe0/EN_Pathway-to-net-
zero.pdf (accessed 31.10.2023).

15 Baratov A.N. Combustion — fire — explosion — safety. Moscow: Publishing House of FBGU VNIIPO Emercom of Russia,
Russia, 2003, p. 363.

16 |s there a limit to the number of factories in Novotroitsk? URL: https://orenburzhie.ru/news/est-li-predel-kolichestvu-za-
vodov-v-novotroicke/ (accessed 31.10.2023).

1715 most polluted cities in Russia according to ecologists. URL: https://bigpicture.ru/15-samyx-gryaznyx-gorodov-rossii-po-
ocenkam-ekologov/?ysclid=1jr5ivnrf0966035699 (accessed 31.10.2023).
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Maximum capacities and intensity of inversions are observed in winter. A kind of barrier is
formed that prevents the rise of polluted air to upper atmosphere. The degree of atmospheric air
contamination is influenced by nebulosity, fogs, radiation regime, and precipitations. Therefore,
low nebulosity prevents the turbulent interaction in atmosphere and promotes the emergence of
long inversion, under which the concentration of emissions and the quantity of impurities in air
increases from 10 to 60 %.

Thus, we attract the attention to the serious problem — presence of local source of massive oxygen
emissions to atmosphere. Before to begin the design work on such sources this problem has to be
thoroughly examined and analyzed by competent entities, specializing in industrial safety.

Pot with drained cathode. It is supposed that big economic dividends could be received at the
startup of the potline consisting of the pots equipped with drained cathodes, i.e. pots having the thin
layer of aluminium distributed on the bottom and the anode-cathode distance reduced to 1.5-2 cm.
For this purpose, it is necessary to solve a problem of creating the cathode surface wettable with
aluminium by involving special materials based on carbides and borides of refractory metals — tita-
nium, zirconium, vanadium, tantalum, columbium, and hafnium.

The conception of applying refractory compounds was developed by British Aluminum Company
Ltd (BACO) and Kaiser Aluminum in 1960s [33, 34]. At the same time Kaiser Aluminum developed
the technology of drained cathode having an inclined bottom and a thin layer of aluminium formed on
the cathode surface [35]. The following products were developed and tested in laboratory and semi-
industrial conditions by scientific centers of aluminium and refractory companies:

 compact products from carbides and borides of refractory metals in form of plates, cylinders
and T-shaped elements [36, 37];

* composite coatings on the surface of carbon bottom [38];

« titanium diboride-based emulsion coatings [39].

In subsequent years the conception of the pots with drained cathodes allowing to reduce the electric
energy consumption and to cut the costs on busbar, was under development in many scientific centers
[40-42], but until now the commercial materials for wettable cathodes do not exist. Until now, the task
put in the middle of 20th century did not find any solution on the industrial level. However, this idea is so
attractive that even now scientific centers of aluminium companies continue to deal with designs of the
pots equipped with drained cathode. That is why, it is necessary to consider problems faced by researchers
when they tested wettable cathode materials.

Compact products from borides and carbides of refractory metals having a satisfactory corrosion
resistance in molten salts and aluminium, are liable to thermal cracking and scaling from current
conducting base'®. Attempts to create products by combining individual compounds, like TiB2-TiC,
did not eliminate these defects of pressed materials. The serious obstacle for the development of the
technology of wettable cathodes was their value. For example, in 70-80s of last century the price of
titanium diboride powder made approx. 55 dol./kg in comparison with traditional carbon compounds,
about 1.32 $/kg. At present, the cost of TiB> makes 500-3000 $/kg depending on the purity and pro-
duction method [43], while the cost of carbon materials practically did not change. Therefore, for the
most part of tests titanium diborid TiB2 combined with carbon [44, 45] or with colloidal solution of
aluminium oxide (Tinor and Thicknor [46, 47]) was used as wetting agent. The mixture of TiB,
carbon material and other components was applied as paste with a thick centimeter layer onto the
carbon bottom, as it was done in Martin Marietta Aluminum and Comalco, or with a thin millimeter
layer of colloidal material — in Moltech. However, in both cases the coatings cracked and degraded.
The thick paste layer dissolved forming Al/TiB: suspension layer on the bottom surface [48]; the thin
colloidal layer cracked and scaled further rising to the surface of the melts.

18 Bruggeman J.N., Alcorn T.R., Jeltsch R. et al. Wettable Ceramic-Based Drained Cathode Technology for Aluminum Elec-
trolysis Cell. Final Technical Progress Report for the Period 1997 October to 2002 December. DOE/ID/13567. 2002, p. 46. URL:
https://digital.library.unt.edu/ark:/67531/metadc740532/ (accessed 31.10.2023).
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Without denying the prospects of drained cathode development, J.Keniry expresses his critical
considerations concerning their feasibility [24]: “Drained cathode exposes the carbon component of
the coating to the aggressive impact of the electrolytic bath; which results in its destruction. The
degree of wear has to be rather uniform throughout the pot, and any local coating damage caused by
particularities of the design, startup or operation methods can have a negative effect on the life circle
of the whole pot. Though the pots with drained cathodes proved their feasibility, their industrial ap-
plication would raise doubt, until the economic profit would be increased to compensate the opera-
tional risk”. J.Keniry, employee of private Australian company Alumination Consulting Pty Ltd, was
well informed about results of drained cathode testing in Comalco. The key argument in his critical
attitude to wettable coating is non-uniform wear degree of the composite coating surface. This disad-
vantage is difficult to eliminate as it is practically impossible to create a composite layer having the
uniform adhesion to the matrix, the density, porosity, electric conductivity, strength, and other opera-
tional properties within the whole cathode surface. This is impossible to do both at the stage of erection
and layer compaction and during its baking and pot startup. Moreover, the design of the pot with drained
cathode is not ecological; it is oriented to the possibility of reducing the energy consumption and in-
creasing the capacity. To provide the energy balance and insufficient heat generation within reduced
anode-cathode space the pot design has to be based on the higher current density. This will further
exacerbate the negative consequences.

It is recognized that no one of scientific research centers of aluminium producers solved completely
and finally these problems. This explains the absence of commercial pots with drained cathode in spite
of more than 70-year attempts to develop them. Therefore, most likely the engineering of the pot with
drained cathode is unpromising (of little promise) direction due to following reasons:

« There are no any technologies for the creation of coatings wettable with aluminium and having
uniform operational properties within their whole areas and volumes. Moreover, there is no any tech-
nical and technological possibility to synchronize the movement of cathode block with processes of
surface layer shrinkage and expansion.

« There are no any cost-efficient technologies for the creation of massive compact products wet-
table with aluminium (cathode blocks) with uniform operational properties within their whole areas
and volumes.

* The thin layer of aluminium on the cathode surface does not allow to uniformly distributing
the current density within the large bottom area, which creates conditions for the uneven distribution
of current and potential, for the cathode passivation and for the instability of the process.

* The existing technology of electrolytic reduction with prebake anodes came close to supposed
energy consumption of the pots with drained cathode.

* Objectively, there are no prospects for the changes (increase) of specific capacity compared
with existing technology.

Pots with vertical electrodes. The history of electrolytic aluminum production began with this
direction. In 1854 R.Bunsen and A.Deville first, then such famous scientists of 19th century as F.Lon-
tin, C.Bradley and finally P.Heroult and C.Hall started laboratory experiments in the cells with verti-
cal electrodes [49, 50]. Moreover, first pilot pots of Pittsburgh Reduction Co followed this operation
procedure in the beginning, but then they spontaneously switched over to the electrolytic reduction
process using horizontal anode and cathode.

Since then attempts to develop the electrolysis of alumina-cryolite melts using solid electrodes
continued [51, 52] and are currently ongoing [53, 54]*°. This persistence, on the one hand, is explained

19 Hryn J.N., Tkacheva O.Y., Spangenberger J.S. Ultrahigh-Efficiency Aluminum Production Cell // Report of Energy Systems
Division, Argonne National Laboratory. Award Number: DE-AC02-06CH11357. URL: https://www.energy.gov/eere/amo/down-
loads/ultrahigh-efficiency-aluminum-production-cells (accessed 31.10.2023).
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by the desire to minimize the electric energy consumption and by the approach to theoretically pos-
sible 6.3 and 9.2 kWh/kg Al when using carbon and inert electrodes accordingly. Such possibility
appears if use vertical electrodes with anode-cathode distance of ~ 1.5-2 cm. On the other hand,
this layout of the electrodes allows the multi-fold growing of specific capacity in the limited area
of the pot.

Specific capacity. The standard capacity depends on the power of aluminium pots, i.e. amper-
age and on the amount of metal losses caused by low-productive processes and current leakage. In
order to increase the capacity, the pot is designed for high amperage, the design provides for the
application of structural components and technology allowing the maximum increase of current effi-
ciency. Thus, the single capacity of any pot or enterprise in the whole, expressed in Al kilograms per
day or in Al tons per year, can be increased by aluminium companies that accumulated high scientific
and engineering potential and gained big experience in operating several generations of the pots.

It is not the case of specific capacity P, which is expressed by mass production of aluminium in
24 h per square meter of occupied area or area of anode/cathode block in the horizontal plane, —
kg Al/m?-day. The specific capacity does not practically vary with increase of the pot power as with
the increase of amperage the dimensions of the pot increase proportionally in terms of to accommo-
date electrodes and busbar that provide the design current density and current efficiency. Therefore,
the specific capacity is a suitable parameter for the characterization of applied technology and for its
comparison with new technologies of aluminium production by electrolytic method or with such
technologies being under design.

If associate the standard capacity of any pots with area of anode block in horizontal plane, i.e.
with area occupied by production premises (potroom), the specific capacity would have following
parameters:

« for pots with horizontal electrodes ~ 60 kg Al/m?-day;

« for pots with vertical electrodes ~ 450 kg Al/m?-day.

The calculation of the capacity is done for vertical electrodes embedded into the electrolytic bath
onlm.

This difference in specific capacity (almost 8-fold) is exactly what determines sustained efforts to
develop pots with solid vertical electrodes. The unique feature of vertical position of anodes and cath-
odes consists in multiple reduction of capital expenses on the construction of new smelters. This implies
the reduction in expenses not only on building structures, but on the aluminium busbar as well, as there
are no any strict requirements to the provision of MHD-stability of the melts in the pot.

However, there are serious constraining factors, limiting the development of solid vertical elec-
trodes; these are absence of commercial wettable cathodes and uneven current distribution on the
polycrystalline surface of electrodes.

Cathodes wettable with aluminium. The direction of creating wettable cathode surface as pastes
and adhesion coatings is not developing now as experiments proved the rather quick destruction of
continuous layer of any thickness on the surface of the block. The point is not just the absence of
practical technologies for the creation of coatings (being created on the cathode surface before it is
put into operation) with uniform operational properties within the whole area and volume of the block.
Uncontrolled movement of cathode block could not be completely synchronized with processes of
surface layer shrinkage and expansion. Besides, the cost of mechanically mixed carbon-based com-
positions with TiB2 powder for coatings and, particularly for cathode blocks is unacceptably high per
one pot. Therefore, the direction to synthesize composite cathode products of any configurations and
dimensions just during the process of electrolytic aluminium production looks attractive [55, 56].
It is clear that in quoted patents there is no any information about know-how technology.
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The Scientific Center “Mineral and anthropo-
genic resource processing problems” of Empress
Catherine 1l Saint Petersburg Mining University
examined the possibility to synthesize composite
cathode material carbon — titanium diboride/carbide
(C-TiC/TiB2) during the electrolytic process in la-
boratory conditions. Petroleum coke, titanium and
boron oxides and carbon-bearing binding agent were
used as initial components for the preparation of elec-
trodes. After pressing and baking at the temperature
of 1050 °C the electrodes were installed into the
graphite electrolytic cell, containing molten bath of
NaF/AIFs =~ 2.5 at the temperature of 960 +5 °C.
Composite electrodes with titanium and boron oxides Fig.3. Specimens of composite after electrolysis:
were subject to the cathode polarization during 24 h. a—C-TiC; b - C-TiBz

After taking electrodes out of the cell and clean-
ing them against bath the layer of aluminium was discovered on the surface; which evidenced the
wettability of cathodes with metal (Fig.3). X-ray phase analysis shown that the composition of elec-
trodes contains titanium carbide TiC (Fig.4, a), only titanium oxide was dosed at the preparation.
During the creation of initial C-TiO2/B203 composite the X-ray phase analysis of final product after
electrolysis shown the presence of TiC and titanium borate TiBO3s (Fig.4, b), product of titanium
diboride oxidation at the moment of electrode removal from the electrolytic cell. Hereby, the possi-
bility of creating cathode composite material with wetting properties just during the electrolytic pro-
cess was confirmed. Considering roughly the same range of prices on carbon materials, titanium and
boron oxides, the production of composites of any dimensions shall change slightly.

Uneven current distribution. This problem is not obvious at the visual observation over the elec-
trolytic process when using solid electrodes, but it is expressed by voltage instability in the system,
higher consumption of anodes and passivation of cathode by bath components. It is precisely these
consequences, but not the causes of the instability of the process, that researchers have tried and are
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trying to cope with [54, 57]. The destabilization of electrolysis in laboratory conditions occurs when
the current density becomes higher than 0.5 A/cm? [58-60]. Recommendations, proposed for the de-
crease of electrolytic reduction temperature, corrections in electrolytic bath and electrode compositions
do not solve the problem and do not allow starting the development on the commercial basis.

Based on experimental data [61, 62] and numerical investigations [63, 64] it is proposed to con-
sider the physical and chemical heterogeneity of surface structure of polycrystalline electrodes as the
cause of these problems and restrictions. During the operation the chemical heterogeneity transforms
gradually into physical one. That is right both for coatings and for compact electrode products of any
composition — based on carbon, borides/carbides of refractory metals or their compounds.

Current lines at the micro-level would be concentrated on asperities of the rough surface, pores,
cracks, scratches. The same effects take place at the macro-level for peripheral areas of electrodes — ribs
or sharp edges. At the areas where the current density and potential are higher, the speed of electrode
processes increases with the development of concentration polarization and uncontrollable formation
of critical electrode potentials for simple and complex ions present. This would result to greater or lesser
extent in the release of gas fluorocarbons on the carbon anode and the release of fluorine on the inert
anode with corresponding negative consequences, i.e. increase in electrode consumption.

On the wettable cathode the charge of electrically negative impurities and the decomposition of
electrolytic bath components take place with subsequent passivation of the surface and progressing
destabilization of electrolytic process (these negative consequences are typical for the drained cathode
as well). By this means we can distinguish the micro-heterogeneity, related to the rough surface in the
entire area, and the macro-heterogeneity of current distribution on the peripheral areas of electrodes
(edge effect). This approach determines the development of different technologies for flattering current
distribution throughout electrodes.

Elliptical shape of electrodes with adequate increase of anode-cathode distance and electrolytic
bath resistance from the center to the periphery allows compensating the edge effect and reducing
significantly the macro-heterogeneous current distribution. As opposed to the application of rectan-
gular electrodes, during the whole experiment the proceeding of electrolytic process was stable in the
electrolytic cell with metallic anode and cathode of elliptical shape; the passivation of cathode was
not observed, the rate of anode corrosion was approx. three times reduced [62].

However, the special shape is not sufficient for the stability of the process using solid electrodes,
polycrystalline and cast, one-phase and multi-phase, which a priori have physical and chemical het-
erogeneities in their volume and surface structures. Therefore, one of feasible methods of surface
homogenization directly within the electrolytic process was proposed and realized — electrochemical
micro-boriding of cathodes which composition included refractory metals and their oxides [61]. The
method is based on the significant, almost twice, difference between standard potentials of the charges
of aluminium (E°, = —1.18 V) and boron (E°%, = —0.63 V). When they are jointly present in the melt,
the conditions for the charges in the cavities are favorable for more electrically positive ions. If after
the reduction in the cavity boron meets, for example, titanium or its oxide on the surface, the synthesis
of titanium diboride shall smooth any heterogeneous surface. This method could be applied to any
reactive or inert cathodes, which heterogeneous surface is smoothed by chemical interaction of boron
with impurities present, and thereby, the physical state of the surface homogenates.

Thereby it is possible to deduce a simple formula of the electrolytic process procedure in the pot
with vertical solid electrodes: complex application of elliptical electrodes and electro-chemical micro-
boriding of composite cathodes. This formula in general terms can be used for the prospective
development of aluminium industry according to the following roadmap of scaling up technologies:

« technology of electrolytic reduction as per flowchart of vertical elliptical electrodes;

« technology of synthesis of composite cathodes wettable with aluminium directly during the
electrolytic process;

« technology of electrochemical micro-boriding of cathode surface.
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Combining these technologies into one shall allow taking unique advantages of electrolytic re-
duction technology using vertical solid electrodes (see Table).

Comparative characteristics of electrolytic reduction technologies

Position of electrodes
Parameters
Horizontal Vertical
Electric energy consumption, kWh/kg Al ~13.5 ~11.0
CO2 emissions™ kg CO2-equ/kg Al ~14 | —>1.0" -0
Specific capacity, kg Al/m?-day ~ 60 ~ 450

* Direct emissions (Scope 1).
** Composite electrodes.
™ Inert electrodes.

Conclusion. Following conclusions were made based on above-mentioned overview:

* In Russia the process of ecological reconstruction of obsolete production facilities was orga-
nized on the governmental level. It supposes the self-financing of the tightening state environmental
regulation. At the same time, private companies satisfy their challenging technological and environ-
mental ambitions.

« For existing technology of electrolytic reduction using horizontal electrodes and up-to-date
automated process control system, busbar and lining materials, there is a real possibility of energy
consumption in amount of ' ~12000 kWh per 1 t of aluminium produced. The further decrease of spe-
cific consumption of electric energy to 11250-11500 kWh/t Al is possible with the use of cathode
materials wetted with molten aluminium. These values of energy efficiency are limiting values for
existing technology.

 The development of the technology of inert (oxygen evolving) anode requires the thorough
examination by competent entities of industrial safety. Under certain climate and meteorological con-
ditions at the area of intensive oxygen emission source the situation with increased fire hazard can
emerge.

* The design of the pot with drained cathode is of little promise.

» The most promising technology of alumina-cryolite melt electrolysis is the technology of the
pots with vertical electrodes. The use of composite anodes and cathodes with reduced carbon activity
can decrease considerably emissions of greenhouse gases. The specific capacity of such pots can be
7-8-fold higher; which means the multiple reduction of capital expenses on the construction of new
smelters in comparison with the existing technology using horizontal electrodes.
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Abstract. The paper considers an approach to localizing the intervals of development of geomechanical processes in
underground structures based on the classification and transformation of seismic data. The proposed approach will
make it possible to identify the intervals of fracturing, rock decompression, water inflow and other geomechanical
processes when interpreting the results of seismic surveys. The technique provides for the formation of matrices of
longitudinal (¥,), transverse (V) velocities and velocity ratios (Vs/V,) along the research profile to perform sequential
filtration. The filtration results serve as the basis for the formation of a bank of informative materials for further clas-
sification. Based on the domestic KOSKAD 3D software, four approaches have been implemented for a combined
digital model of the V), Vs and Vy/V, parameters. One of the key elements in the classification process is to combine
grids to increase the probability of detecting intervals with heterogeneous identification features. The result of the
application of this methodical approach is the construction of a comprehensive interpretative model, on which
potential zones of geomechanical risks development are clearly manifested.

Keywords: classification; transformation; longitudinal wave velocities; transverse wave velocities; complex interpre-
tation; interpretative model
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Introduction. The current state of urbanized territories cannot be imagined without the intensive
development of the mineral resource sector aimed at the development and processing of minerals.
This trend implies an increase in production capacities, exploration and development of new deposits,
construction of new mining and technical facilities, as well as an increase in operational loads on
existing facilities. More intensive mining operations, the tunneling of new workings, the formation
of rock dumps and additional loading of existing ones can contribute to the development of geome-
chanical risks due to deformation, stress redistribution and destruction of rock masses. Often, the
geomechanical processes occurring in the rock mass are hidden and are not visually manifested. The
influence of tectonic and operational factors on stress changes in the rock mass is a very relevant
topic of research in recent decades [1]. Therefore, in order to ensure the safety of mining operations,
it is necessary to timely identify the intervals of formation of the zones of geomechanical processes
intensification that potentially affect the operational reliability of mining facilities due to stress
redistribution in the rock mass. Hidden zones of development of geomechanical phenomena asso-
ciated with the activation of tectonic processes manifest themselves in the form of the development
of zones of decompression, fracturing and leaching. The development of these processes leads to
the formation of water supply channels in the rock mass, which increase water flow into under-
ground workings and act as a catalyst for the further development of denudation processes at a more
intense rate, and, as a result, the appearance of visible deformations and increased risks during
mining operations.
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For forecasting, a standard set of geotechnical monitoring works is performed at the mines, in-
cluding surveying observations on reference points, monitoring of seismic phenomena within the
seismic ranges of the seismic pavilion of mine, and hydrogeological monitoring. However, before the
appearance of visual and noticeable deformations in the rock mass, which are well localized ac-
cording to the results of surveying and hydrogeological work, hidden deformation intervals may form
in the body of the rock mass, bearing potential geomechanical risks, timely identification of which is
possible based on the involvement of modern geophysical technologies and algorithms [2, 3].

To solve the problem of forecasting geomechanical risk zones, the paper proposes conducting
underground high-resolution seismic exploration on longitudinal and transverse waves. Processing
and interpretation of research results implies the use of algorithms for transformation and classifica-
tion of velocity sections.

At the processing stage, as a promising set of tools, it is possible to identify transformations of
the source data through filtering by various methods and classification of the combined block of
source matrices with the filling of missing or unsuitable data for subsequent analysis [3]. This ap-
proach has been well studied within the framework of the tasks of interpreting potential fields, but it
is specific for the seismic data transformation. It is proposed to use alternative filtering methods that
have successfully proven themselves in processing geopotential field data [4]. This direction can add
new useful sources of information, will allow to localize the decompressed and weakened zones that
form the area of geomechanical risks development in the rock mass, based on data from specialized
seismic surveys.

Methods. Timely detection of disturbed intervals in the field of interaction of underground
workings with the host rock mass and into the depth of the rock mass, control of the stress-strain state
(SSS) of the rock mass are possible on the basis of the development of underground geophysics tech-
nologies. Underground geophysical surveys at mines have been successfully used for more than
half a century. The experience of their approbation, taking into account modern hardware and tech-
nological progress, allows to determine the most optimal methods of geophysics for assessing and
predicting the SSS of rock mass, which allow conducting studies of the state of mining and technical
structures on the principles of minimizing invasive impact in order to reduce the risks of developing
new geomechanical processes [5-7].

As part of the research work at the mines of the Talkhanskoe and Oktyabrskoe fields (Norilsk),
complex geophysical studies of underground mining were carried out. The complex consisted of
methods of georadiolocation, seismic studies and registration of natural electromagnetic emissions
(NEME). The data of the NEME method for the tasks of transformational-classification construc-
tions cannot be represented in the form of a two-dimensional model, therefore transformations and
classifications in the framework of this study are not applied to these data. The georadiolocation
method is also not subject to transformation and classification due to the limited depth of research
(up to 8 m).

In the context of the considered geotechnical tasks, it is possible to formulate general require-
ments for the geophysical methods proposed for research:

* the main vector of research is mainly focused on the investigation of the structure and the fore-
cast of stability (disturbance) of the rock-bearing mass of the workings roof [6];

* examination of the workings roof of located in complex SSS by geophysical methods should
be carried out with minimal invasive impact, without additional deformation risk;

* in most cases, the monitoring of the workings roof is complicated by the presence of a dense
network of communications (water pipes, concrete pipelines, cables, etc.), therefore, geophysics
methods should be able to obtain useful information in these conditions [8];

* the applied methods of geophysics should have the potential for long-term prediction of SSS
and physical and mechanical properties of the rock mass [9, 10].
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Taking into account the requirements for geophysical technologies and the possibilities of pre-
senting data in the form of data matrices in a two-dimensional domain, the seismic refraction wave
method (SRM) with subsequent tomographic data processing (PKMPV-CT) is the most optimal, de-
spite the labor costs associated with the specifics of the work [11-13].

When working out seismic profiles in mine conditions on the workings roof, the following
registration parameters were used: the pitch of the receiving points (RP) is 2 m; the pitch of the
vibration points (VP) is 2 m; the number of RP on the profile is 76; elastic vibrations were aroused
by a hammer weighing 6 kg. This type of installation was selected on the basis of experimental and
methodical work and the size of the studied areas, corresponding to the size of the bin. The seismic
research method involves working with the removal of vibration points beyond the main alignment
by 10 m, which contributes to obtaining seismic records to a depth of up to 50 m. Field seismic work
was carried out using a modern telemetric seismic survey station “TELSS-3” manufactured by OOO
“Geosignal” (Moscow). The station has an advantage, according to its technical characteristics, over
analogues for the implementation of underground observations, consisting in the possibility of
forming an individual noise-proof line of alignment due to a segmented seismic spit connected by
telemetry modules [14].

The processing of seismic data is divided into several stages: the first is the evaluation of field
data, the performance of primary filtering and amplification of the initial signal, the second is the
assignment of the geometry of the alignment in the local coordinate system (X, Y, Z), the third is the
picking of the hodographs of deflected and refracted longitudinal and transverse waves, followed by
the calculation of tomographic sections (V,, Vs). The tomographic inversion of hodographs consists
in solving the inverse problem of tomography using the Fourier transform and the least squares
method, which involves minimizing the discrepancy when ray tracing obeys the basic laws of geo-
metric seismics with a minimum time of passage of an elastic wave through a system of elementary
cells [15].

Further processing of seismic data consists in calculating the ratio of the velocities of transverse
and longitudinal waves and preparing the initial matrices (V,, Vs, Vi/V}) of the data (Fig.1) for the
procedure of transformation and classification analysis of seismic data.

The first stage of the transformation of the processed data is the assessment of the input materials
for the quality, unity and soundness of the values for the research object under consideration. Then
the transformants are calculated, including such filters as averaging in a sliding window (Moving
Average) with selected sizes of the semi-axes of the averaging ellipse of 5x7 and 15%25 m, in which
the most informative results are obtained by the minimum size of the axes, taken as optimal; low-
frequency convolution filtering (Low-Pass Gaussian) with a standard window size 3x3, Mean Abso-
lute Deviation (MAD); Standard Deviation, which allows to estimate the spread of values relative to
the standard for the measured parameter Vi or V), (the standard deviation is the square root of the
variance); calculation of the horizontal gradient, which allows to identify destruction zones by changing
the nature of the field from a positive to a negative value, etc. [16]. The main task of filtering is to
suppress interference and extract useful information for the correct interpretation of the results ob-
tained [17]. A more detailed description of the filters used is given in the Table.

After the formation of a working bank, including maps of calculated transformants, the quality
of the obtained materials is assessed [18, 19]. The most informative transformants are selected
for involvement in the processes of complex interpretation and classification of transformed mate-
rials [20-22].

At the second stage, classification is performed using the KOSKAD 3D software [23-26]. To
begin with, the initial matrices for the values of the velocities of longitudinal and transverse waves
and their ratios are loaded. The next procedure is to fill in missing or incorrect values that could have
been mistakenly recorded and not eliminated at the stage of primary data processing. After filling in
the missing values, the three “grids” are combined to apply the classification operation.
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Characteristics of the applied filtrations

Title

Description

Formula

Averaging in a sliding
window

Low-frequency
convolution operation

The average absolute
deviation

Standard deviation

The method of constructing a moving average grid allows
to assign values to grid nodes by averaging data within the
ellipse of the grid node search.

Due to the specifics of this method, its use for small and
medium-scale maps is not recommended, however, this
tool is useful when working with a large bank of spatial
data, since it allows you to identify regional anomalies,
the amplitude of which depends on the size of the specified
averaging window [13].

The minimum amount of data sets the value of the points
when interpolating a grid node. For each grid node, neigh-
boring data is identified by centering the search ellipse on
the node. The value of the output node of the grid is set
equal to the arithmetic mean of the identified neighboring
data [16].

The low-pass filter removes high-frequency noise, resulting
in a smoother grid at the output. When working with one
of the four low-frequency filters, it must be taken into ac-
count that the width and height of the filter neighborhood
must be positive odd numbers [15].

With a Gaussian low pass filter, the weight decreases with
increasing distance. This weight function has the shape of
half of the total bell curve. The parameter o determines
how fast the weight decreases with distance. The lower the
value of o, the more weight the neighborhood points have
in the grid value and the slower the weight decreases.

The higher the value of o, the greater the weight of the
central point in the grid value and the faster the weight of
other points decreases [17].

Determining the nature of the distribution of the difference
between the absolute and average values of the points
[18, 19] allows to estimate the amount of variation that
occurs around the average value in the dataset. The effect
of this filter is to highlight outliers in the grid [18].

The disadvantage of this method is the limited mathemati-
cal manipulation compared to variance.

Moment statistics filters — standard deviation (mxn). The
value of the output node of the grid is equal to the standard
deviation of neighboring values [22].

Arithmetic mean averaging is performed using a
radial-annular or square pallet, or within a certain
interval according to the formula

1
NXZ~

Z=

where Z is the average value of the field within
the averaging area; Z; is the value of the field in
the i-th node of the pallet; N is the total number
of nodes.

With the height of the neighborhood § and the
width 7 the distance weighting function is

4o 5.5,
2 2
T
PR
’ 2 2

where a is a positive value.

The average absolute deviation

1 p—
S
MAD=2=L |
n

where X — the average value of the sample;
n is the number of observations in the sample.

The standard deviation is the square root of the
variance

where x; is the value of a single sample value;
u is the arithmetic mean of the sample;
n is the sample size.

The classification procedure is a component of the functional block “Complex” [25], designed
for processing multi-sign geological and geophysical information [27, 28]. With the help of classi-
fication, the area under consideration is divided into regions that are homogeneous in several ways
[29, 30]. The algorithms used are based on self-learning, taking into account the correlations of the
entire feature space, with the possible absence of a priori knowledge about the position of the initial
centers and a finite number of classes with homogeneous features.
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An interesting characteristic of this method is the processed field of features [31, 32], in which
the transformed matrices [33] obtained at the previous stage can be set as source materials. As a result
of applying the algorithm, a network is formed containing information about the class identification
of each point. The involvement of transformed materials as secondary input data allows additional
selection of the most significant results.

Taking into account the fact that at the stage of calculating transformants, interference is sup-
pressed and eliminated and data quality is improved, and the use of improved digital matrices allows to
get a more reliable picture at the output. This approach makes it possible to include additional compo-
nents for the formation of a class distribution in a multi-sign space [34, 35].

Classification is implemented by four main methods:

* The total distance method, in which a finite number of classes are selected automatically.

* The method of dynamic thickening (K-means), in which information about a finite number
of classes is set by the user, and the transformation is performed through an iterative empirical
procedure.

* A method for separating multidimensional normal mixtures, implying the variability of speci-
fying a finite number of homogeneous regions using multidimensional analysis of variance.

* A symbolic classification that divides the study area into positive and negative signs.

The final stage is the interpretation of the results obtained. For this purpose, a working data bank
is formed, containing maps based on source data, transformations and classifications in a single
binding [36, 37]. After that, a comprehensive analysis of a priori and transformed information is
performed, according to the results of which zones of localization of abnormal values at the bounda-
ries of the change in the nature of physical properties are identified [38-40], which are compared with
the physical and mechanical parameters of the medium under study. At this stage, anomalies caused
by edge effects are eliminated and a generalized interpretative model is created.

Results. As a result of the performance of seismic surveys of the PKMPV at the mines of the
Talnakhskoe and Oktyabrskoe fields (Norilsk), seismograms of a common vibration point were ob-
tained in several profiles. The uniqueness of the seismic research methodology lies in the vibration
and registration of elastic waves in the roof of mine workings. The resulting seismograms are subjected
to the procedures of primary filtration and assignment of the arrangement geometry. The following
hodographs of elastic waves are read on seismograms: diffracted, refracted longitudinal, refracted
transverse and reflected. Further tomographic processing of the data consists in the conversion of the
read hodographs of elastic refracted and refracted waves in velocity using the Fourier transform.
Qualitative interpretation provides for the identification and tracing in the context of anomalous
areas or zones related to various geomechanical processes.

The main criteria for the occurrence of the process of rocks decompression is a decrease in the
propagation velocities of longitudinal and transverse elastic waves. On seismotomographic sections
of longitudinal and transverse waves of the region of increased velocities, areas where a stress state
occurs due to tectonophysical effects that resonate in rocks are identified.

Another unfavorable geomechanical process in mining is the increased water inflow into the
mine, which occurs due to water seepage from overlying water-bearing stratum in the field of geo-
mechanical destruction processes. The characteristic of the areas of potential water occurrences into
the mine at seismic sections is revealed as follows: a gradual decrease in the propagation velocities
of longitudinal waves, a decrease in the propagation velocities of transverse waves, an increase in the
velocity ratio. The obtained sections show anomalous regions characterized by reduced velocities
of longitudinal and transverse waves, as well as reduced velocity ratios in the area of pickets
30-40, 60-70, 80-92, 120-135 m (Fig.1), which indicates the presence of rock decompression areas
in localized areas. Further quantitative interpretation implies the calculation of transformants and the
classification of the obtained high-speed tomographic sections [37].
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The transformed sections obtained as a result of applying the procedures indicated in the table
are subjected to a qualitative assessment for information content, namely, the preservation of abnor-
mal areas on the sections, minimal distortion of the original data array. These requirements are met
by seismic tomographic sections transformed by averaging in a sliding window (Fig.2). On the sec-
tions, it is possible to clearly trace areas with average and increased velocity values, which corre-
sponds to zones of tension on the source materials, areas of reduced velocity values, and decom-
pressed rocks. The most reliable picture of the geophysical properties occurred in the case of con-
sidering the section of the ratio of the velocities of transverse waves to longitudinal ones [41]. The
need to select the most informative filtering results arises from the transition to the next stage of
classification [39].

Discussion of results. Examples of visualization of classification results by combined Vs, V), and
Vs/V, matrices are shown in Fig.3: a — the method of total distance, & — the method of dynamic
thickening (K-means), ¢ — by the separation method of multidimensional normal networks (according
to A.V.Petrov), d — by the method of sign classification. Obviously, the most informative results are
the classifications performed by the method of separation of multidimensional normal networks
(Fig.3, ¢) and dynamic thickenings (K-means) (Fig.3, b) due to the better localization of anomalous
regions and their connection with the initial data [41]. However, when filling in the missing values,
edge effects have a strong influence on the final representation of the sections, which can be mistaken
for abnormal indicators during interpretation. That is why it is important to analyze a priori and trans-
formed materials to exclude incorrect conclusions [42, 43].

The method of dynamic thickening (K-means) is an effective way to classify multidimensional
values in conditions of a minimum of a priori information about class centers through the use of
K-means (where K is the number of classes) [35]. For all processed features, the value of the standard
deviation is estimated, which is also given when filtering by the standard deviation method using
normalization and the creation of new vector class centers. The main advantage of this method is
fast convergence; the disadvantage is incomplete consideration of correlations of the feature space
[23, 44]. It is the classification by the method of dynamic thickening that is chosen as the basis of the
interpretative model as the most informative, since when compared with a priori sections (see Fig.1),
abnormal areas are very reliably revealed in Fig.3, b.

In total, eight classes are allocated on the interpretative model: the 1st class corresponds to the
appearance of boundary effects and localization of maximum velocity values; the 2nd class charac-
terizes the appearance of zones of mechanical disturbances or increased stresses; the 3rd-6th classes
emphasize the contours of the distribution of the main blocks characterized by the same type of
signs, divided into subgroups for more convenient identification during subsequent interpretation;
the 7th class accumulates signs with reduced velocity values; the 8th class accumulates signs with
the most cartelized indicators. For direct interpretation, classes 2 and 8 are of the greatest interest,
since it is based on them that it is possible to most reliably determine the zones of localization of
stress states.

The resulting interpretative model (Fig.4) demonstrates the position of anomalous sections along
the studied profile, which correspond to zones of potential excess of the normal deformation state of
the studied rock mass. It is these zones that pose the greatest danger when planning underground
work and require additional measures to ensure a safe working process while minimizing economic
and technological risks. The comparison of the obtained localized zones with the materials of primary
study, namely, with the visualized matrices of longitudinal and transverse waves along the studied
profile, confirms the correctness of the application of the methodology for classifying seismic data
by analogy with geopotential fields [38, 45]. The involvement of the petrophysical characteristics of
the studied rock mass makes it possible to identify patterns of mapping elastic properties represented
by longitudinal and transverse waves in two-dimensional space [46, 47].
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Fig.2. An example of visualization of calculated transformants by averaging in a sliding window obtained for matrices
of longitudinal (a), transverse (b) velocities and velocity ratios (c)
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Fig.4. An interpretative model based on a priori information, transformation and classification of seismic data

Conclusion. When predicting the stress-strain state of a rock mass within the framework of mining
planning, it becomes necessary to develop a methodological approach to data research and analysis
with the involvement of additional tools. The geological conditions of the Talnakhskoe and Ok-
tyabrskoe fields were considered as the object of research. The object under study is an underground
mine under development in complicated operating conditions due to its sufficient proximity to the
surface and the high probability of water inflow into the mine due to the development of hidden
geomechanical processes.

As a result of seismic surveys, the technology for determining the nature of the propagation of
elastic waves in the roof of the mine working was tested. Further work consisted in a sequential
selection of qualitative data and testing of the methodology for complex processing and interpretation
of seismic data using the method of transformation and classification analysis applied for geopotential
fields. The novelty of the work lies in the use of effective tools that have proven themselves well
when working with potential geophysical fields for data reflecting the elastic characteristics of the
medium under study. This method is modernized and requires further testing on data obtained in more
complex geological and technical conditions. In addition, the results demonstrate the potential for
expanding the use of seismic survey technologies at the processing and interpretation stage compared
with conventional approaches to analyzing profile data in the form of seismograms or images.

The proposed method of processing and interpreting seismic data with subsequent transfor-
mations and classification allows to proceed to the compilation of an interpretative model reflecting
the position of the contours of the most dangerous zones (Fig.4). The interpretative model can serve
as a basis for planning the safe conduct of underground mining operations, taking into account
the identified intervals of increased geomechanical risk (decompressed areas, areas of stress,
flooded areas).

Thus, the use of seismic data transformation in combination with the classification method in
solving the problem of anomalous areas localization prone to the development of geomechanical
risks makes it possible to quickly and most reliably identify areas that are dangerous from the point
of view of intensification of geomechanical processes. The application of the seismic data transfor-
mation technique indicates the prospects of using modern geophysical technologies in modeling the
behavior of a rock mass, taking into account the impact of operational and mechanical loads.
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Abstract. The climatic factor of warming, which is evidenced by a significant number of scientists and research teams
in Russia and the world, has a significant impact on the cryogenic state of permafrost soil, the preservation of which is
one of the most common principles of construction in the North. The influence of projected climatic changes in planning
up to 2050 on the efficiency of seasonal cooling devices, the principle of operation of which is based on seasonal soil
freezing, is considered. The conducted modeling has shown that in a situation of stable climate, the preservation of the
cryogenic state of permafrost soil is realized without the use of additional measures. With warming with a trend of
0.1 °C per year, seasonal cooling devices do not ensure the preservation of the current level of the cryogenic state of
the soil and additional measures are required to increase their efficiency in the summer. In the case of more extreme
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Introduction. Promising areas for the development of the oil and gas industry in the Russian
Federation tend to shift to the north and east. The development of the Yamal Gas production Center,
the fields of the Gydan Peninsula, Yakutia and the Far East poses to oil and gas companies the most
important task of high-quality and reliable operation of oil and gas sector facilities in conditions of
continuous permafrost soil (PS).

The integrated development of deposits in the Arctic region of Russia involves the search for
new methods of field exploration that would reduce the anthropogenic impact on PS by reducing the
proportion of field stages of work [1, 2], new methods of field development with a reduction in ther-
mal effects on frozen soil during drilling [3] or during construction and installation work [4], as well
as new methods and technologies to ensure the reliability of the operation of fishing facilities in order
to reduce the impact of emissions and leaks of extracted and transported products [5]. During the
construction of natural gas production and transportation facilities in areas of continuous distribution
of PS, their use is carried out according to the first principle — the preservation of permafrost during
both construction [6, 7] and operation [8, 9]. Violation of the operating conditions of the soil in a
cryogenic state can lead to catastrophic consequences of a natural and man-made nature [10, 11],
which cause significant damage to the fragile ecosystem of the northern regions. The analysis of
scientific works on Arctic exploration methods shows that at each stage of the life cycle of an indus-
trial facility, the task of reducing the thermal impact on frozen soil is solved both through the use of
new structures of grounds and foundations [4, 7] and optimization of technological processes [1, 3].
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A typical technical solution for the implementation of this principle is the use of various de-
signs of seasonal cooling devices (SCD). A review of such systems was carried out in [12], and in
the article [13] it is shown how soil thermal stabilization systems during construction in the cryo-
lithozone allow maintaining the required negative base temperature or restoring degraded perma-
frost. The efficiency of SCD operation directly depends on the climatic conditions of the environ-
ment, and stationary climate models based on statistical data of the climate of the construction site
are usually used in their design [14].

According to estimates by a significant number of scientists [15, 16] and international climate
organizations [17], active climate warming processes are underway in Russia, especially pronounced
in the northern latitudes [18, 19] of the Russian North. It is shown [16] that over the past 20 years,
the Yamal territory has undergone an abnormal decrease in average annual temperatures, as well as
the number of days per year with low temperatures. Reports [17] of the well-known climate group
Intergovernmental Panel on Climate Change record annual warming in the range from 0.03 to 0.1 °C,
and data from Roshydromet [18] for the North of Russia demonstrate warming dynamics above
0.1 °C. Such climatic changes can cause significant damage to the cryogenic state of the soil and lead
to its thawing, which will lead to a significant decrease in the bearing capacity of pile grounds and
foundations [20, 21].

In the works [22, 23] devoted to the state of SCD, the issues of damage and destruction of these
structures during construction and operation or issues of SCD efficiency depending on various an-
thropogenic and technogenic factors are considered [24]. The problems of the stability of engineering
structures under climate warming have been studied [25, 26], some issues of modeling the operation
of SCD [27, 28] or assessing the stability of piles under thermal influence [29], but the problem of
reducing the efficiency of existing SCDs due to global climate warming is not considered.

The purpose of this study was to evaluate the behavior of SCD in various climate models based
on the current understanding of climate change in Russia and the world. The object of the study was
the frozen ground — climate — SCD system, and the subject of the study was the stability of this system
to climate change.

Methods. The simulation of the joint work of frozen soil and SCD in various climatic condi-
tions using the Borey 3D software package has been performed. The Borey 3D complex
is registered with Rospatent, N 2018660189 dated 08/17/2018. Certified and meets the require-
ments SP 25.13330.2012 (SNiP 2.02.04-88), RSN 67-87, STO Gazprom 2-2.1-435-2010, STO Gaz-
prom 2-2.1-390-2009, GOST R ISO/m EXTRAVK 12119-2000, GOST R I1SO 9127-94, GOST R
I1ISO 9126-93, GOST R ISO 28806-90. Implements a mathematical apparatus for numerical simu-
lation of the propagation of temperature fields in a soil mass, taking into account the phase transition
of unfrozen water in the spectrum of negative temperatures. The software package has found prac-
tical application and was used by specialists in the framework of calculations of the use of SCD on
PS [30, 31].

The main objective of the study is to assess the stability of PS to warming processes, to assess
the rate of permafrost degradation in the presence of SCD, absence of SCD, as well as the applica-
tion of methods to increase the effectiveness of SCD for the period from 2011 to 2051 in relation
to the PS site, the parameters of which correspond to the typical geocryological picture of the Yamal
Peninsula. The study included options for a stable climate, annual warming of 0.1 and 0.25 °C. At
the same time, the possibility of changing the geocryological picture of PS sites in their natural state
(without the use of SCD), with the use of SCD and the option of ensuring the operation of SCD in
the summer was considered. The calculation model of the PS site is adopted in the form of a cube
measuring 50x50x50 m, with specified soil conditions. As soils, the model uses plastically frozen
loams typical of the Yamal Peninsula with the following parameters: density 1750-1840 kg/m?; total
humidity 0.124-0.181 units; plasticity number 0.114; degree of salinity 0.065-0.081 %; freezing point
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—0.48 °C; without peat inclusions. A SCD with a depth of 10.5 m is installed in the center of the soil
mass. A thermal well 1 is modeled in 0.5 m along the Y-axis, a thermal well 2 in 1 m, and a thermal
well 3 in 2 m. The model cube displays the area that will be sampled to perform the calculation.
A boundary condition of the third kind is assumed on the upper face of the model cube. The values
for the calculation are presented in terms of wind speed, thickness and density of snow cover. The
boundary conditions of zero heat flow are assumed on the side and bottom faces of the model cube.
To solve the differential equation of heat propagation in the soil with phase transitions in the negative
temperature spectrum, a method with a dynamuic division of the region into subdomains with an
explicit and implicit computational scheme is used. A simple iteration method is used as an implicit
computational scheme. To improve the convergence of the implicit method, the regularization method
and dynamic time step selection are used. The website of the Borey 3D software package shows the
results of positive verification of the applied computational models for problems with analytical so-
lutions. Modeling of SCD operation is performed by setting boundary conditions of the second kind
in the form of internal heat sources/sinks.

The prediction of the processes of PS state dynamics was carried out based on extrapolation of
data from the Marresal climate station [32, 33]. Climatic indicators for a stable climate were obtained
by processing statistical data (the average temperature of a five-day period and the average thickness
of snow cover) for 2011-2021, which were repeated until 2051. The prediction of the parameters
of the dynamics of climate data changes for the case of warming by 0.1 and 0.25 °C was carried
out by increasing the temperature of a stable climate annually by the corresponding value. The
0.1 °C warming interval was adopted on the basis of the authors' approximation of real climate data
from 1990-2020 [16], as well as estimates of the warming rate in the northern regions of Russia
according to Roshydromet data for 1976-2016 [34], the 0.25 °C interval is based on the worst-case
scenario of climate change in the northern territories of Russia by 10-12 °C at the end of 21 century
according to the report [18]. The modeling period was adopted based on the calculation methodology
of the Intergovernmental Panel on Climate Change (IPCC) [17].

Based on the wind speed range of 5-7 m/s typical for the Yamal Peninsula, the average wind
speed of 6 m/s is assumed in the calculations. Data on the operating mode and characteristics of SCD
TK32/12.M5-03 (FSA) coolant R-744 (carbon dioxide) presented in PC Borey 3D were used for
modeling. A separate climate data model for the SCD capacitor has been developed for the option of
switching the SCD operating mode in the summer. In this model, in the period from May 15 to Oc-
tober 15, the SCD capacitor is in a temperature field of —5 °C, and during the rest of the year, the
climatic data of the SCD capacitor correspond to the climatic parameters of the temperature regime
of the climate variant that is being modeled. Additionally, based on the analysis of climate dynamics
with a warming trend of 0.25 °C, due to a significant increase in the summer period (the temperature
is consistently above 0 °C) it was decided to consider the following mode of operation: from
01.01.2024, the mode is set from 01.05 to 31.10, and starting from 01.01.2025 — from 01.04 to 31.10.

Results. Under the condition of a stable climate, the simulation showed the preservation of the
cryogenic state of the soil regardless of the use of SCD. Figure 1 shows the obtained data on the
cryogenic state of the soil for 2050 in the absence of SCD (Fig.1, a), the presence of SCD for well 1
(Fig.1, b), the presence of SCD and the option of transferring it to work in the warm season for well 1
(Fig.1, c). Figure 2 shows the average annual data on the cryogenic state of the soil in a stable
climate. In the absence of SCD, the depth of seasonal soil thawing by 2050 will be 1.6 m, which
corresponds to the average level of thawing depth of the Yamal Peninsula today. In the presence of
SCD, the depth of soil thawing will also be 1.6 m. When used in the variant of transferring SCD to
work in the warm season, the depth of seasonal warming will decrease to 1.4 m. In the absence of
SCD, the depth of the soil, below which the temperature does not exceed —1 °C, will be 3.5 m, in
the presence of SCD — 2.5 m, and when used in the translation version SCD for work in the
warmer months is 2.25 m. Analysis of these temperature fields showed that the presence of SCD
lowers the temperature of frozen soil by 1 °C at a distance of 0.5 m from SCD, 0.8 °C at a distance
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of 1 m and 0.5 °C at a distance of 2 m. The use of SCD in the option of switching to work in the warm
season will lower the average annual temperature of frozen soil in the depth range from 0.8 to 8 m by
0.5 °C at a distance of 0.5 m from SCD, 0.1 °C at a distance of 1 m from SCD and 0.07 °C at a distance
of 2 m from SCD. For a stable climate, these changes are not critical, since the cryogenic state of the
soil, sufficient for the effective functioning of the base, is preserved when using only SCD. However,
even in this case, when used in the variant of transferring SCD to work in the warm season, the effi-
ciency of its application increases by 15-20 %, depending on the distance from the SCD axis.

Figure 3 shows data on the cryogenic state of the soil for 2050 in the absence of SCD (Fig.3, a),
the presence of SCD for well 1 (Fig.3, b), and the transfer of SCD to work in the warm season
(Fig.3, c). Figure 4 shows the average annual data on the cryogenic state of the soil with a warming
climate of 0.1 °C. In the absence of SCD, the depth of seasonal soil warming by 2050 it will be 5 m,
which is significantly higher than the average depth of warming of the Yamal Peninsula at the mo-
ment (1.5-2.0 m). In the presence of SCD, the depth of soil thawing will be 4 m, when used in the
variant of transferring SCD to work in the warm season, the depth of soil thawing will decrease to
3 m. In the absence of SCD, the depth of the soil, below which the temperature does not exceed
—1 °C, will be 7 m by 2050, and in the presence of SCD — 5.5 m. When used in the variant of trans-
ferring SCD to work in the warm season, the permafrost layer with a temperature below —1 °C begins
from a depth of 4 m, which practically corresponds to the natural state of the permafrost (3.5 m).

Analysis of these temperature fields showed that the presence of SCD lowers the temperature of
frozen soil by 1.5 °C at a distance of 0.5 m from SCD, 1 °C at a distance of 1 m and 0.6 °C at a
distance of 2 m. Using SCD in the option of switching to work in the warm season will lower the
average annual temperature of frozen soil in the depth range from 0.8 to 8 m by 1.4 °C at a distance
of 0.5 m from SCD, 1 °C at a distance of 1 m from SCD and 0.5 °C at a distance of 2 m from SCD.
In such a climate model, the use of SCD in the variant of transferring to work in the warm season
significantly affects the state of permafrost, increasing the efficiency of SCD application by 34-40 %.
To estimate the rate of soil thawing, calculations and analysis of average annual temperatures for
2020-2050 were carried out. The average annual ground depth temperature in the model without SCD
decreases by 1 °C from every 10 years and by 2050 it will be less than —1 °C, maintained from a depth
of about 7 m. The presence of SCD reduced the rate of thawing by about 1 °C, and when transferring
SCD to work in the warm season, it additionally lowered the temperature by 0.5 °C.

Figure 5 shows the temperature fields of the cryogenic state of the model soil with a warming of
0.1 °C. In the conditions of annual warming of 0.25 °C, modeling shows the degradation of the cry-
ogenic state of the soil to a significant depth and large-scale thawing both in the absence of SCD and
in its presence. The option of transferring SCD to work in the warm season does not have a significant
positive effect for stabilizing the cryogenic state of the soil.

Data on the cryogenic state of the soil for 2050 are presented in the absence of SCD (Fig.6, a), the
presence of SCD for well 1 (Fig.6, b) and the use of SCD in the option of transferring to work in the warm
season (Fig.6, ¢). Figure 7 shows the average annual data on the cryogenic state of the soil with a climate
warming of 0.25 °C. In the absence of SCD, the depth of seasonal soil thawing by 2050 will be 9 m,
which is significantly higher than the average depth of thawing in the Yamal Peninsula now (1.5-2.0 m).
In the presence of SCD, the depth of soil thawing will be 8 m. In the case of transferring SCD to work
in the warm season, the depth of soil thawing will decrease to 6 m. In the absence of SCD, the depth
of the soil, below which the temperature does not exceed —1 °C, by 2050 it will be 11 m, and in the
presence of SCD — 10 m. The option of transferring SCD to work in the warm season did not affect this
characteristic of the cryogenic state of the soil.

Data analysis of temperature fields shows that the presence of SCD will reduce the soil tem-
perature by 0.5 °C at a distance of 0.5 m from SCD, 0.25 °C at a distance of 1 m, and 0.15 °C at
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See the legend in Fig.2
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a distance of 2 m. The option of switching SCD to work in the warm season will lower the soil
temperature in the depth range from 0.8 to 8 m by 0.69 °C at a distance of 0.5 m from SCD, 0.44 °C
at a distance of 1 m from SCD, and 0.23 °C at a distance of 2 m from SCD. At a warming rate of
0.25 °C, the presence of SCD did not actually have a significant effect on the cryogenic state of the
soil. In this model, the option of transferring SCD to work in the warmer months has almost doubled
the efficiency of using SCD. Nevertheless, this is not enough to prevent large-scale thawing of the
soil and preserve the permafrost condition of the soils.

To estimate the rate of soil thawing, calculations and estimates of average annual temperatures
for 2020-2050 were carried out. The presence of SCD reduced the intensity of soil thawing by an
average of 0.5-1 °C, which makes it possible in practice to operate the soil mass in a frozen state for
longer. The rate of warming of 0.25 °C per year for 10 years by 2030 will lead to the fact that in the
presence of SCD, the depth of seasonal thawing will increase from 1.4 to 2 m, and the soil mass with
a constant temperature below —1 °C will start from a depth of 3.5 m instead of 2.75.

Conclusion. The computational models proposed in the work made it possible to assess the sta-
bility of PS to warming processes and to estimate the rate of permafrost degradation for three climate
variants: in the presence of SCD, in the absence of SCD, as well as the use of methods to increase the
effectiveness of SCD. The modeling results showed that the efficiency of SCD decreases at any values
of climate warming. The model with a warming trend of 0.1 °C per year demonstrates a large-scale
thawing of PS over 30 years of operation, which will have an extremely negative impact on the bear-
ing capacity of any pile foundations. The presence of SCD slows down the thawing trend, allows to
almost halving the scale of soil warming, lower the temperature of the PS mass by 1-1.5 °C, but does
not stop this process. If it is possible to transfer the device to work in the summer, it will be possible
to maintain the level of permafrost without significant degradation.

A model with a warming trend of 0.25 °C per year (to assess the worst-case scenario) demon-
strates catastrophic thawing of PS by 2050, SCD slightly slows down such thawing, allowing to lower
the temperature of the PS mass by 0.3-0.8 °C, but does not stop this process. By 2050, in such
a catastrophic model, despite the use of SCD, the depth of seasonal soil thawing will increase to 8 m
at a normal depth of 1.5 m. The possibility of switching the device to work in the summer period will
increase the efficiency of SCD, but not stop the process of soil thawing.

Forced year-round cooling systems built on various industrial refrigerating machines will be an
effective solution to save energy in a scenario with a warming of 0.25 °C per year. However, using
them to modernize the existing SCD infrastructure is practically impossible due to the significant
number of individually installed SCDs and the large area of their installation.

The paper models the SCD operating mode, taking into account the option of transferring to
work in the warm season. The modeling results showed that such a solution could increase the effi-
ciency of SCD by 35-40 % and prevent soil thawing with the most likely forecast of warming by
0.1 °C per year.
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Abstract. The purpose of research is the study of stress-strain state of marginal rock mass around the stope
and predictive assessment of ore dilution with regard for changes in ore body thickness in mining thin ore deposits
on the example of the Zholymbet mine. Study of the specific features of the stress-strain state development
was accomplished applying the methodology based on numerical research methods taking into account the
geological strength index (GSI) which allows considering the structural features of rocks, fracturing, lithology,
water content and other strength indicators, due to which there is a correct transition from the rock sample
strength to the rock mass strength. The results of numerical analysis of the stress-strain state of the marginal
part of the rock mass using the finite element method after the Hoek — Brown strength criterion made it possible
to assess the geomechanical state in the marginal mass provided there are changes in ore body thickness
and to predict the volume of ore dilution. It was ascertained that when mining thin ore deposits, the
predicted value of ore dilution is influenced by the ore body thickness and the GSI. The dependence of
changes in ore dilution values on the GSI was recorded taking into account changes in ore body thickness from
1 to 3 m. Analysis of the research results showed that the predicted dimensions of rock failure zone around
the stopes are quite large, due to which the indicators of the estimated ore dilution are not attained. There
is a need to reduce the seismic impact of the blasting force on the marginal rock mass and update the
blasting chart.
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Introduction. In the world practice, mining of thin ore deposits is increasingly accomplished
by a system of sublevel drifts [1-3]. The main advantage of such mining system is its high
productivity, and among the main disadvantages are high losses and ore dilution. A high level
of ore dilution leads to a growing cost of ore transportation and processing, and the cost of the
mineral increases accordingly [4-6]. Research in the course of this work is aimed at establishing
the dependence of ore dilution index on rating assessment values of the rock mass.

Various sets of measures and recommendations are used to significantly reduce ore dilution.
They are associated with choice of the mining system in accordance with geological structure of
the deposit and its stripping method, improvement of mining technology, changing the main
parameters of mining systems, introducing additional elements to the technology used, separate
mining of part of reserves, etc. There is a large number of methods for determining and accounting
for ore dilution. Over the past decades, researchers such as S.Korigov [7], H.D.Jang [8],
I.Masoumi [9], E.Villaescusa [10], A.Papaioanou [11], M.Marinin [12], S.N.Fomin [13],
V.M.Lizunkin [14], I.N.Savich [15], S.M.Tkach [16], S.A.Batugin [17], I.V.Sokolov [18],
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A.M.Pavlov [19], M.Mohseni [20], E.Topal [21], M.A.Hefni [22, 23], D.P.Cordova [24],
T.R.Camara [25], and others, made a great contribution to the development and improvement of
the methodology for calculating ore dilution.

The problem of ore dilution in mining of thin deposits is urgent. A specific feature of the technology
for mining thin deposits by a system of sublevel drifts is the above-plan ore dilution due to entrapment
of adjacent host rock strata. For example, in the course of stoping at the Zholymbet mine, over-plan
ore dilution occurs — the actual indicators reach 70-75 % whereas the approved design values dot
not exceed 38 %. Based on the mining and geological occurrence conditions of ore deposits and capa-
bilities of the mine, a system for mining sublevel drifts was adopted.

The purpose of the study is predictive assessment of primary ore dilution based on the study of
structural features of the rock mass taking into account changes in ore body thickness during mining of
thin ore deposits at the Zholymbet mine.

At the Zholymbet deposit, two gold-bearing areas are geographically separated from each other:
Central and Southern. The Central area has the largest reserves, is most productive and offers a high
potential. Two morphological types of ore bodies were identified: gold-bearing quartz veins and stock-
work zones. The length of veins along the strike is 100-150 m, downdip to 100-150 m, thickness of
veins ranges from 0.5 to 3.0 m, dip angle usually steep varying from 45 to 80°. Hardness factor f after
M.M.Protodyakonov for quartz veins is 12-15, for stockwork ores — 10-15, and host rocks —
10-16. As for drillability, the rocks belong to category XVI. Volumetric weight of ores and rocks is on
average 2.7 t/md.

Methods. Ore dilution level is determined by the morphological structure of ore deposits,
the applied mining system, ore breaking parameters, structural and strength properties of the
rock mass, the impact of blasting force on host rocks, the use of artificial support of mined-out area,
natural stress field of rock mass, geometric characteristics of the vein, thickness and dip of the
ore body [26].

The above indicators are classified [8] according to characteristics of drilling and blasting
operations; design factors of the stoping face; mining and geological factors; human factors (mistakes
of miners during drilling and blasting operations, incorrect prediction of the ore body outlines
by mine surveyors, etc.).

In world practice, there are several methods for determining ore dilution. Two of them, according
to research by R.C.Pakalnis [27], are most common:

* Ore dilution = Tons of rock mined x 100 / Tons of ore mined.

* Ore dilution = Tons of rock mined % 100 / (Tons of ore mined + Tons of rock mined).

The term “rock” refers to external dilution or unscheduled diluting rock mined, and the term
“ore” refers to the material estimated for mining, i.e. drilled and blasted. L.M.Clark and R.C.Pakalnis
proceeding from the volume of overbreak and dimensions of the working face, determined the
Equivalent Linear Overbreak Slough (ELOS), which is an indirect quantitative indicator of ore
dilution [24, 28]. ELOS and ore dilution indicators are determined as follows:

V
ELOS: overbr , (1)
stope
where V.., — is the volume of caved rock mass, m*; S — surface area of the stope, m?;
r, = EL9S 100, @
m

r, — ore dilution, %; m — thickness of ore body, m.
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J.G.Henning and H.S.Mitri [24] developed a method similar to ELOS for determining ore dilu-
tion based on a 3D numerical model, where the dilution boundary is represented by an isoline of the
minimum principal stress equal to zero (3 = 0 MPa). The term “ore dilution density” (DD) was used.
It is determined by the ratio of the unscheduled volume of dilution to the stope area,

V,

DD — ;nsch.r ’ (3)

stope

where V — is the unscheduled volume of dilution, m?.

unsch.r

An important factor to consider in managing ore dilution is an adequate design of mine operation
as regards rock mass stability. Host rock caving from the roof and sides of workings associated with
poor stability conditions of the mass are not only a threat to the overall safety of miners, but also
contribute to an increasing volume of ore dilution. To reduce dilution, a series of studies of the struc-
tural and strength properties of rocks, stress-strain state of the mass, seismic impact of drilling and
blasting, etc. are required.

Among the traditional tools for assessing and managing the rock mass condition is the empirical
stability diagram drawn by K.E.Mathews [29], which proved to be useful for an early assessment of
the stability of an open stope area. Graphical stability method by K.E.Mathews is based on the calcu-
lation and mapping of two values:

« stability index N characterizing the ability of the rock mass to remain unaltered under
the given stress state, structural pattern of disturbances in the mass and orientation of the stoping
area;

« hydraulic radius which accounts for the geometric interdependence of outcrop dimen-
sions,

S
HR — stope ’ (4)

stope

where P, .~ is the detection perimeter, m.

Stability indicator is calculated from the formula

N = —RJQD j— ABC, (5)

n a

where RQD — is rock quality [30]; J,— number of fracture systems; J,. — fracture surface roughness;
J,— alteration (adhesion) of fractures; A — ratio of strength to stress state of rocks; B — fracture

orientation; C — dip (inclination) angle of the outcrop.

Over time, for making the stability diagram by K.E.Mathews more reliable, it was updated with
major alterations and modified by researchers such as Y.Potvin [31], S.D.Nickson [32], C.Mawdesley,
R.Trueman, W.Whiten [33], A.Papaioanou [11]. Thanks to these modifications, it became possible
to determine the volume of ore dilution using stability diagrams. The papers by A.Papaioanou and
F.Suorineni [11] deserve special attention, since the generalized schedule which they developed for
determining ore dilution on the basis of the rock mass stability is applicable to all ore deposits regard-
less of the ore body thickness.

A.Delentas [34] gave predictive assessments of the marginal mass failure and ore dilution
using numerical simulation. Software for numerical simulation allows predicting the stress-strain
state of the rock mass outside the stope, which could potentially collapse. In the conditions
where ore and rock have the same specific gravity, ore dilution factor is calculated from
the equation
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Comr =10 = % (6)

stope

where K., — is failure factor; K, — dilution factor; S, ,— area of collapse zone, m?.

An underground mining method was adopted at the Zholymbet deposit with levels of 60 m
and the use of inclined ramps. Quartz veins are mined by a system of sublevel drifts. With such a
system, the vein is divided along the strike and downdip into blocks with the following parameters:
length of block along the strike of the vein is 120 m, height of block along the strike through the entire
height of the level downdip the ore body with breaking-down into sublevels is 15 m. Mining is carried
out from the flank to the centre of the vein up-dip in descending order. Schematic diagram of the
mining system is shown in Fig.1.

Stoping of ore in the block on sublevels begins with driving drill haulage drifts of cut raises with
cutting of slots on them. Ore mass is broken onto a cut-out raise driven earlier (compensation space).
Stope advancing step in the upper sublevels in relation to the lower ones is 20-30 m. The scheme and
parameters of ore breaking are shown in Fig.2. Main indicators of longhole ore stoping are: type of
explosive used — granulite AS-8; initiation method — by DShE (detonating cord); specific consump-

tion of explosive — 1.75 kg/m?; hole diameter — 130 mm; burden of hole — 1.6 m; distance between
the ends of holes is 1.75 m.

When breaking thin ore bodies, numerical simulation of the stress-strain state of the rock mass was
performed for a predictive assessment of ore dilution. Key source data are tensile strength of rock samples
for uniaxial compression (ocompr), Ore body thickness (m) and the Geological Strength Index (GSI) of
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Fig.1. Schematic diagram of mining system
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Fig.2. Scheme of borehole ore breaking
1 — actual mine workings 800 m; 2 — projected drill rings; 3 — ore contour;
1-5 — well numbers in a row

rocks [35, 36], which makes it possible to take into account rock fracturing, water content,
lithology and other strength indicators, due to which the transition from rock sample strength
to the strength of the rock mass occurs. The Hoek — Brown criterion [37] was chosen as
the failure criterion. Numerical simulation to determine possible zones of rock failure was
performed using the finite element method [38]. As a result of simulation, areas of possible
failure zones around the stope are determined. Areas of marginal mass zones that are expected
to cave are calculated using AutoCAD software. This software allows a quantitative
measurement of areas of possible caving zones. Further, ore dilution is calculated from
formula (6).

Calculation of predicted values of ore dilution using this procedure is accomplished based
on ground survey which includes field studies to determine the GSI and numerical simulation of
geomechanical processes occurring in marginal mass. This procedure is most applicable to the
conditions of the investigated body, since at the Zholymbet mine ore and rock have on average
the same specific gravity. Reliability of numerical simulation results mainly depends on the ac-
curacy of the input data. Preparation of source data for numerical analysis was accomplished
using “RSData” software which allows determining the strength parameters of the rock mass
based on the Hoek — Brown [37] and Mohr — Coulomb [39] failure criteria.

GSI is a vital component of the source data. The GSI parameter is the result of research by
E.Hoek and E.T.Brown on the structural features and properties of rocks. The classification is con-
stantly updated depending on the needs of designing practice. In one of the latest studies, E.Hoek and
E.T.Brown proposed to determine the GSI index as follows [40]:

GSI =1.5JCondy, +&2D, (7

where JCondg,— is the parameter of rating classification of rock fracturing determined

in accordance with the methodology of the International Society of Rock Mechanics
(ISRM) [41];

JCond89 :'JA4 = JA41+‘]A42 +‘JA43+'JA44 +‘]A45'
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J,,— indicator of the quality of contact along fractures: J,,— roughness, J,,,— length,
J as3—Opening, J,,,— filling, J,,.— weathering of fracture walls.

When assessing the geomechanical state of the rock mass, data from the Geological Survey of
the Zholymbet mine were used [42]. According to characteristics of the core from these boreholes,
rocks were divided into three domains:

 weathered rocks to a depth of 30-40 m, RQD = 12-34 (rock category “weak”);

* slightly weathered silty sandstones, silicified with a massive texture, RQD = 50-72 (rock cate-
gory “medium”);

* gabbro diorites greenish-grey, dense, massive, RQD = 72-78 (rock category “strong”) [42].

At the Zholymbet mine, thin ore veins occur at a depth of 800 m. Thus, for determining the GSI
indices, RQD values are taken from 50 to 80. As a result of research at the Zholymbet mine during
fracture surveying, rating indicators that make up the indicator of the quality of contact along fractures
according to the ISRM method [41] were determined. Point values are given in Table 1, where
JCondsy = Jas = Jaar + Jag + Jaaz + Jaaa + Jas ==5+2+1+2+5=15

Table 1
Rating assessments of geological characteristics of fracturing
for conditions of the Zholymbet deposit
Parameter Value intervals

Very Slightly Smooth Slip
Roughness rough Rough rough surfaces marks
Jaa1 6 5 3 1 0
Length <1lm 1-3m 3-10m 10-20 m >20m
Jnaz 6 4 2 1 0
Opening none <0.1 mm 0.1-1.0 mm 1-5mm >5mm
Jnas 6 5 4 1 0
Filler None Solid filler Solid filler Soft filler Soft filler

<5mm >5mm <5mm >5mm
Jnas 6 4 2 2 0
Weathered walls None Slightly weathered Moderately Strongly weathered Crushed
weathered

Jnas 6 5 3 1 0

After a series of ground surveys, geological strength indices were determined from formula (7)
for different RQD values, and data for simulation were prepared (Table 2).

Table 2
Source data for numerical simulation

Rock type ROD | Gsl Rock s't/rltlaangth i \\/I;);:Jé?]ftor:(c Rock mass d_isturbance Parameter of undisturbed Young’s

a rock by blasting D rock m; modulus
Silty sandstones 50 48 82 2.65 0.8 17 2,800
Silty sandstones 55 50 82 2.65 0.8 17 2,800
Silty sandstones 60 53 82 2.65 0.8 17 2,800
Silty sandstones 65 55 82 2.65 0.8 17 2,800
Gabbro diorites 70 58 103 2.76 0.8 25 3,000
Gabbro diorites 75 60 103 2.76 0.8 25 3,000
Gabbro diorites 80 63 103 2.76 0.8 25 3,000
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For numerical analysis of the stress-strain state of marginal mass and predictive assessment
of ore dilution, 21 models were implemented taking into account changes in the GSI (48, 50,
53, 55, 58, 60, 63) and ore body thickness from 1 to 3 m. Numerical analysis of the stress-strain
state of the mass was accomplished in accordance with actual mining level and the following
stope parameters: mining depth 800 m; stope height 45 m; sublevel height 15 m; width 1-3 m;
ore body occurrence angle 75°. The main predictive indicator for assessing the stability and ana-
lysing the stress-strain state of the rock mass around the stope is the Strength Factor — ratio of
possible rock strength to induced stress at the considered point.

Discussion of results. It is not possible to evaluate the results of numerical simulation of
21 versions of models, so it is advisable to analyse the stress-strain state of the mass around the stope
and give a predictive assessment of ore dilution for the minimum and maximum GSI values. Further,
the results of numerical simulation will be presented at the GSI = 48 and 63 for ore body thickness
from 1to 3 m.

When mining thin deposits at the Zholymbet mine, the lag of the underlying sublevel from the
overlying one reaches 20-30 m. Breaking of the overlying sublevel is accomplished by blasting the
blasthole rings and loading the broken rock mass using self-propelled equipment. The stoping space
remains open, i.e. there is no backfilling. Consequently, in numerical simulation and predictive
assessment of ore dilution of the underlying (unmined) sublevel, the influence of the stoping space
of the overlying mined sublevel is taken into account (Fig.3).

Analysis of the distribution pattern of isolines based on the strength factor showed that at the
GSI = 48 (siltstones) there is a uniform distribution of the safety factor along the contour of the stope,
minor deformations along the roof are recorded as well as a redistribution of load on the sides of the
stope, caving under its own weight is predicted due to structural weakening of the mass, weak adhe-
sion of rocks to each other caused by blasting, and further rock mass caving is possible. Area of a
possible caving zone varies depending on ore body thickness — from 85.2 m? at m = 1 m to 77.8 m?
at m =3 m, correspondingly.

At the GSI = 63 (gabbro diorites), uneven distributions of safety margin isolines are recorded,
and the contours differ from the previous version; possible zones of rock mass failure are predicted
in the sides of stopes. Areas of possible caving zones vary depending on ore body thickness — from
29.1 m?atm =1 mto 25.1 m? at m = 3 m, respectively. Compared to the previous case, areas of
possible caving zones are reduced three-fold. Thus, at the GSI = 63, there is an increase in the safety
factor and a decrease in the volume and area of possible caving around the stope. This is due to
changes in strength properties and structural features of the rock mass.

The experience of mining thin deposits at the Zholymbet and Akbakai mines shows that the
dimensions of possible failure zones around the stope are not strongly affected by the thickness
of ore bodies [43]. Presumably, the size of the failure zone depends on parameters of drilling and
blasting operations and seismic blasting force on marginal rock mass.

As a result of simulation, areas of possible failure zones around the stope were determined for
all model versions (Fig.4). Using data of numerical simulation on the area of a possible caving zone
around the stope the predicted values of ore dilution were determined from formula (6) for each model
under study taking into account changes in the GSI (48, 50, 53, 55, 58, 60, 63) and ore body thickness
from 1 to 3 m (Table 3).

Fig.5 shows the summary and comparative diagrams of changes in the predicted values
of ore dilution depending on the GSI when mining thin ore veins. According to predictive
calculations, when stoping 1 m thick quartz veins, the predicted ore dilution indicators average
78-84 %, while the actual dilution indicators when mining ore bodies of the same thickness
reach 65-70 %.
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Fig.4. Diagram of changes in thickness of a possible caving zone depending on GSI
1 —thickness1m;2-2m;3-3m

Table 3
Predicted values of ore dilution in thin deposits at the Zholymbet mine
Ore body thickness, m
Gsl 1 2 3
Area of possiblezz Dilution, % Area of possiblrza Dilution, % Area of possibl(ze Dilution, %
caving zone, m caving zone, m caving zone, m
63 29.1 70.6 29.3 51.7 25.1 40.1
60 36.2 74.3 33.9 55.2 30.2 44.3
58 46.2 78.1 41.6 58.6 394 48.4
55 59.7 82.3 54.4 65.4 51.7 56.5
53 70.8 84.5 66.5 70.1 63.7 60.2
50 80.1 86.8 76.1 735 72.7 65.8
48 85.2 87.5 81.6 74.9 77.8 67.3
100
90
P ® =
80 B L S|
S [ W] o y'=-0.0444x2 + 3.7448X +10:39
s e R?=0.994
2 60 ,
&) bl
50 y=-0.0192x? + 0.4406x *98.872,
R%=10.9831
40 y= -0.0292x2 + 1.2562x +75.438
R?=0.981
30
46 48 50 52 54 56 58 60 62 64
GSl
1 2 3
Fig.5. Diagram of changes in predicted ore dilution values depending on GSI
1 —thickness1m;2-2m;3-3m
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Results of the study show that the predicted values of ore dilution are influenced by ore body
thickness and the geological strength index, which takes into account the geological features of the
rock mass, its structure and fracturing. The dependence of ore dilution index on the GSI index was
recorded at different thicknesses of the ore body.

It should be noted that in numerical analysis, the seismic influence of blasting force on marginal
rock mass was not taken into account in detail. However, when performing numerical simulation, the
indicator of rock disturbance by blasting D was applied; its value corresponded to blasting of good
quality. In future, it is planned to determine the pattern of changes in the indicator of rock mass
disturbance by blasting depending on the category of rock stability. This will allow adjusting the
geomechanical model in numerical analysis, assessing the geomechanical state more correctly and
predicting ore dilution when mining thin ore bodies.

Conclusion. General review of the methods for determining and accounting for ore dilution
showed that in foreign practice, the calculation of ore dilution is based on the studies of the stress-
strain state of the rock mass and a predictive assessment of the marginal mass caving using rating
classifications of rocks and numerical simulation methods. A comparison of the predicted values of
ore dilution with actual indicators confirms a good convergence of the research results, which was
about 83 %.

Based on results of the accomplished numerical analysis, it can be assumed that in mining thin
deposits, the predicted ore dilution values are influenced by the ore body thickness and the GSI.
Analysis of the research results showed that with a decreasing GSI index, there is a decrease in the
safety margin and an increase in the area of possible caving around the stope. Accordingly, the
volume of ore dilution increases due to entrapment of adjacent host rock strata. Further direction of
research is to improve the methodology for determining the parameters of drilling and blasting
operations taking into account the GSI rating for the conditions of mining thin ore bodies by systems
with caving of ore and host rocks.
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Abstract. The peculiarity of the geological structure of carbonate reservoirs is their complex permeability and porosity
characteristics, reflecting the simultaneous presence of cavities variety (fractures, caverns, pores). Loss of circulation
during penetration of fractured rock intervals significantly increases well construction time due to lack of efficient
plugging isolation compositions. The main disadvantages of traditional compositions are high sensitivity to dilution in
the process of their injection into the absorption zone, as well as insufficient structural strength to prevent the isolation
composition from spreading during the induction period. For efficient isolation of catastrophic absorption zones
in conditions of high opening of absorption channels a new cross-linking plugging isolation composition has been
developed, which allows to exclude disadvantages of traditional isolation compositions. Application of the composition
will allow to reduce the injection volume of the isolation composition and the time of isolation works due to its
resistance to dilution and movement of formation water in the absorption interval.
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Introduction. At present, it is necessary to reduce well construction costs in order to ensure
profitable hydrocarbon production. The solution to this task requires high-quality well construction
with a multiple reduction in construction time [1]. At the modern level of technologies, it is not pos-
sible to exclude the costs of prevention [2-4] and elimination of complications during drilling [5-7].
Thus, on average 20-25 % of the calendar time of well construction is spent on elimination of com-
plications. Absorption intensity is divided into three categories: filtration (less than 3 m’/h), partial
(3-15 m*/h) and catastrophic (more than 15 m’/h) absorption [8]. The issue of catastrophic absorption
zones isolation is especially relevant [9], which are characteristic for rocks with karst cavities,
caverns, complicated by tectonic dislocations [1, 10]. The task of reducing the cost of eliminating
complications associated with the absorption of technological liquids becomes more complicated
when penetrating highly drained zones in the intervals of absorbing channels [11-13]. As a rule, when
penetrating such zones, an increase in rate of penetration is observed, up to drilling tool dips, with
subsequent loss of circulation. Isolation of fractured zones in carbonate formations with the use of
bridging materials can be ineffective. To achieve the result, a large volume of isolation materials is
used and a large number of repeated isolation works are carried out [14].
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Fig.1. Mechanism of cavity space filling with conventional plugging compositions

1-6 — operation number

The practice of absorption zone isolation shows that low- and medium-intensity absorptions
are successfully isolated using standard technologies accepted in drilling and service companies
(bridging, sediment-forming compositions, instantaneous filtration compositions, plugging and foam-
cement materials) [15]. Isolation of catastrophic absorption zones is achieved by gradual filling
of the cavity space with the use of traditional plugging materials or by installing a profile blocker.
In some cases, in agreement with the customer, the drilling contractor continues well construction
without circulation output, taking measures to reduce flushing fluid consumption [16, 17], which
allows to reduce the equivalent circulation density in the absorbing interval [18, 19]. Such a solution
reduces the probability of fracture opening and drilling mud loss. This approach allows reaching the
design bottomhole with a significant increase in well construction time, whereas drilling necessitates
control of pressure in the annular space to prevent oil-and-gas influx or drill string sticking [18, 20].
Isolation of catastrophic absorption zones is mandatory in conditions of significant reduction of static
fluid level in the well, which can provoke oil, gas and water influx (when penetrating the productive
interval with high formation pressure).

Low efficiency of traditional plugging compositions is caused by the fact that in conditions of
high opening of absorbing channels the cement solution moves along the most drained channels of
maximum opening with subsequent spreading and bottom positioning under the effect of gravitational
forces (Fig.1).

The i1solation method is based on gradual filling of cavity space in the formation channel. A large
number of operations is required to achieve a positive effect, the number of isolation operations can
be reduced by adjusting the structural properties of the plugging composition.

Relevance of the problems in elimination of catastrophic absorptions during well construction.
The problem of efficient solution for elimination of drilling mud absorption is relevant for the major-
ity of o1l and gas fields. At present, there are no unified approaches and technologies to eliminate
absorption because there is no unified and generally recognized classification of absorption by inten-
sity. At each field (area), different classifications of absorptions and technologies of absorption con-
trol based only on drilling experience are applied [21].

The efficiency of isolation works with the use of fillers depends on their proper selection (mate-
rial, size and concentration) [22, 23]. High-intensity absorptions are counteracted by pumping large
volumes of fillers into the well, with clay solution used as a carrier liquid. The plugging ability of the
isolation material is determined by a properly selected particle size. It is believed that the plugging
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material should contain a certain number of particles with a size approximately equal to the diameter
of perforations in the rock, as well as a set of smaller particles [24]. At high opening of absorbing
channels, conditions are created when the maximum size of rigid bridging agent does not meet the
requirements of formation isolation. In such cases, increasing the concentration and volume of the
isolation composition cannot guarantee channel plugging.

The most common isolation material for absorption elimination is Portland cement plugging
composition. Traditionally used methods for isolation of absorbing formations by injection of plug-
ging compounds into the formation through the open end of pipes or with the help of packer do not
always lead to isolation of the absorption interval [25]. Work mechanism of plugging compositions
is based on gradual filling of cavity space in the formation channel. The composition moves in the
opened channel of absorbing intervals not in a continuous and uniform flow, but along the most
drained channels of the highest opening. Spreading far deep from the wellbore zone, it tends to take
a bottom position in the formation under the effect of gravitational force. As a result, the most opened
channels, being filled with plugging material for a short time, are subsequently “thinned”, as the
resistance force in the channel is insufficient to fix the solution in it. The process is complicated by
the fact that when moving down the wellbore below the drill pipes and in the formation, the solution
inevitably mixes with the flushing fluid and loses its plugging properties [21].

To prevent spreading of isolation compositions, plugging compositions with high thixotropic
properties are used, which consist of cement, suspension stabilizer and retarder [26]. Due to high
thixotropic properties and flow resistance, the compositions should prevent spreading in the absorp-
tion zone with subsequent strength gain after hardening [27, 28]. The experience of isolation works
has shown that structural and rheological properties of plugging compositions based on clay-cement,
gel-cement are insufficient for isolation of zones with channel opening of more than 10 mm. Further
increase of structure is possible only at reduction of water-cement ratio, which can lead to rapid
growth of structural strength in the injection process, transitioning to the onset of setting.

In some cases, quick-setting compositions based on Portland cement [29] are used, the strength
of the structure in which is achieved by introducing sulphuric acid salts into the composition. As a
result of reaction between cement and these types of salts, gypsum is formed, which causes such
behaviour of cement that after 10-12 min the plugging mixture thickens sharply. If such a sample of
plugging solution is kept in motion for more than 20 min, the time of setting can be significantly
increased from 30 min to 10 h. In this regard, the works on isolation of absorption zones using
components based on gypsum binder should be carried out within 20 min from the moment of their
preparation. If this condition is not fulfilled, the gypsum structure is destroyed [30].

High thixotropic properties, excluding the spreading of the isolation material, are characteristic
for compositions based on cross-linked polymers [31-33]. In laboratory conditions, these composi-
tions form an elastic gel without water loss with a “ringing” structure. The advantage of cross-linked
systems is their ability to adapt to different channel volumes. At differential pressure, they penetrate
into the absorbing interval and fill the channels without restrictions on opening and morphology.
At the same time, the structurally high rheological characteristics prevent the composition from
spreading after removal of the overpressure occurring in the injection process. This is because the
presence of spatial structures prevents the internal movement of layers in the composition. The dis-
advantages include the occurrence of viscous flow at the appearance of external forces exceeding the
value of the ultimate yield stress, at which the destruction of its structure occurs [34]. Isolation of
catastrophic absorption involves injection of cross-linked polymer in the volume providing the re-
duction of filtration characteristics of the absorption zone with subsequent consolidation by hardening
plugging composition based on Portland cement [35].

In conditions of highly fractured (channel opening of more than 10 mm) and karst rocks, the
values of ultimate yield stress for compositions are significantly reduced. As a result, when fixing the
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plugging composition, the pressure is applied to the gel screen, at which viscous flow of isolation
compositions into the absorption zone occurs that significantly reduces the efficiency of isolation
works. To exclude viscous flow of cross-linked compositions it is necessary to increase the strength
of the gel structure and its adhesion to the rock [36]. Catastrophic absorptions are often accompanied
by a significant drop in the liquid level in the well (500 m and more). When filling the well with
drilling mud after isolation works, excessive hydrostatic pressure equivalent to the static level value
acts on the isolation composition from the well side. Thus, the necessary property of isolation mate-
rials for elimination of high-intensity absorptions is the ability to withstand rather high pressure drops
(5 MPa and more). Therefore, cross-linked isolation compositions are not suitable for isolation of
zones with high channel opening.

High efficiency for isolation of catastrophic absorption zones is achieved using local well wall
support equipment [37-39]. The disadvantages of this technology include limited application in
directional and horizontal wells, high cost and significant duration of work (7 days on average).
At present, there is no effective technology for elimination of catastrophic absorption, where the
absorption zone is complicated by fractured and cavernous rocks with reduced formation pressure.

It can be concluded that none of the isolation compositions provides effective isolation of high-
intensity absorption zones, where the complication is confined to high opening of the absorption
channel (presence of fractured rocks, paleokarst). It is necessary to develop an isolation composition
capable of adapting to the morphology of the fracture space, combining the properties of cross-linked
gel and cement solution, which will prevent the spreading of the isolation composition during the
induction period and withstand the pressures arising during the resumption of the well construction
process after the isolation works [30].

Methods. Technique for elimination of catastrophic absorptions during well construction.
Attention should be paid to the necessity of developing an isolation composition capable of
adapting to the morphology of the fracture space with the effect of complete filling of absorbing
channels, as well as withstanding sufficiently high pressure drops (5 MPa and more) after the
waiting for setting.

To solve the problems of low efficiency for isolation of catastrophic absorption zones, the
authors developed cross-linking plugging isolation material (CLPIM). The composition is a
combination of cement and cross-linked polymer possessing transverse chemical bonds. After
mixing, the composition undergoes three phase transitions from the linear gel stage to the cross-linked
gel stage, with the final stage being crystallisation (solidification). The composition is pumped into
the well as a linear liquid (Fig.2), the movement of the
composition through the drill pipes is mainly in the liquid state.
The concentration of cross-linking agent is selected so that cross-
linking takes place in the lower part of the drill string. Thus, the
composition enters the absorption zone in the cross-linked state,
which prevents its spreading in the cavernous cavity of the
absorbing formation. After completion of the injection, the well
is left to wait for cement hardening to build up the strength of the
isolation composition. The achieved strength allows the
composition to withstand hydrodynamic pressure that occurs
when the well construction process is resumed.

The required properties are ensured by using the basic compo-
sition (cement, mixing liquid, functional additives) and polymer.

Fig.2. Mechanism of cavity space filling

with CLPIM plugging The composition is a stoichiometric mixture of oxides, carbonates,
compositions magnesium and calcium sulphates. When added to the magnesium

1 — no cross-linking; 2 — beginning of cross- . . . . .
linking; 3 — end of cross-linking chloride solution, it forms a cement mixture, that when entering the
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polymerisation reaction, forms an inorganic polyhydrate of magnesium hydroxysulphate/chlo-
ride, characterized by high compressive strength. The polymer from the group of heteropolysac-
charides contained in the composition acts as a structure-forming agent and forms covalent chemi-
cal bonds of the polymer when interacting with the crosslinking agent. As a result, polymer chains
are cross-linked with simultaneous increase in structural strength of the composition.
The combination of reagents allows obtaining a homogeneous mixture, density and gelation time
can be selected according to specific geological and technological conditions by adding conven-
tional cement additives (retarding agents).

Laboratory tests were carried out at the laboratory base of ‘“PermNIPIneft”, a branch of
000 “LUKOIL-Inzhiniring” in Perm. Gelation time and rheological characteristics of the isolation
composition were determined.

The gelation time of the plugging material was determined by measuring its viscosity (con-
sistency) on a consistometer in conditions close to wellbore parameters. Temperature, pressure, and
rate of their gain were set according to geological and technical conditions of wells. Chandler 7322
high pressure and temperature sealed consistometer was used to determine the gelation time.

The rheological properties were determined on a modular rheometer MSR-102 manufactured by
Anton Paar with a plane-to-plane measuring system (d = 50 mm), and gap size of 1 mm. The effective
(dynamic) viscosity was determined at shear rates of 1-5 s~! to minimize disruption of the composition
structure and to avoid extrusion of the sample from the measuring system. To minimize the slipping
effect of the sample in the measuring system, which leads to underestimation of the results, measure-
ments were carried out under load (normal force 5 N).

Results. Fig.3 shows the consistency gain profiles (gelation time) of traditional magnesia
binder-based isolation materials of fast-setting composition (FSC) without the effect of
cross-linked gel stage and the proposed CLPIM composition with and without polymer. The tra-
ditionally used composition (FSC) is designed for bridge installation and absorption elimination.
The composition is inert to hydrocarbon-based drilling muds, resistant to hydrogen sulphide
aggression, has high adhesion characteristics, adjustable gelation time, fast strength gain, but has
a number of disadvantages when isolating catastrophic absorption zones.

Graphs in Fig. 3 show that the technical result when using FSC is a sharp increase in the gelation
time at the end of the induction period, short setting time (4-8 h), high thixotropic properties. Such
result for carrying out isolation works in oil and gas wells is achieved by giving the plugging compo-
sition short setting and hardening times with provision of technological properties of injectability,
simultaneous increase of compressive strength due to the use of caustic magnesite, stability regulator,
bischofite, water, setting and hardening regulator (additives based on organophosphates) in the
composition. The gelation time and consistency gain profile were determined on a consistometer
at a pressure of 2-5 MPa and a temperature of 25-32 °C, the most typical for the fields of Perm
region.

In the isolation compositions CLPIM and FSC, caustic magnesite is used as a binder, which
includes functional additives that ensure its cross-linking. Cross-linking, which is expressed by a
sharp increase in consistency, at maximum amount of additives occurs after 6-8 min (Fig.3, b), the
time of the gelation beginning of the plugging part starts not earlier than 2.15 h (Fig.3, ¢).

When pumped into the cavernous cavities, the plugging compositions pass through a large
volume of water and are diluted, which leads to deterioration of the isolation composition properties.
Thus, a substantial part of the plugging compositions is spent on dilution. The technical result of the
proposed composition is that the combination of components provides a shortened yield loss time due
to internal cross-linking of the polymer. After the beginning of cross-linking the composition be-
comes resistant to degradation during its injection into the formation, it is not subject to dilution even
in conditions of formation water movement. Contamination of the composition with well or formation
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Fig.3. Consistency gain profiles: a — fast-setting composition; b — CLPIM composition with maximum amount of polymer
for gelation; ¢ — CLPIM composition without polymer, regulating the gelation

fluids does not affect the process of strength gain, including in conditions of hydrogen sulphide
aggression. Stability is confirmed by laboratory investigations in different environments. According
to the results of investigations, it was concluded that polymer cross-linking inside the plugging com-
position makes the composition non-degradable.

In laboratory conditions, the composition after mixing for the first 15 min does not differ from
conventional cement solutions and is in a liquid, flowing state, which allows the composition to be
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pumped into the well at minimum pressure. In 15 min after mixing, internal cross-linking takes place
and the composition changes to an elastic gel state, but still flows. After 20 min, the composition is
in a fully cross-linked state, withstands significant tensile forces and restores its shape after their
removal. It should be emphasized that the proposed formulation of the composition after cross-linking
provides low flowability while maintaining the conditions of injectability due to low adhesion to the
well equipment. Thus, in the high pressure cell of a dynamic filter press the composition is pressed
out at minimum pressure drop through a simulated model of a fracture with 10 mm opening.

In order to determine the safe time of operations with plugging compositions it is important to
know the time of their gelation and setting. Two parallel processes — cement cross-linking and hydra-
tion — take place simultaneously in the proposed composition. When determining the gelation time, a
consistency of 70 Bc (which characterizes the viscosity of a non-pumpable cement dough) will be
reached at the time when polymer cross-linking starts (after 5 min). This is because when the polymer
swells, a viscous linear gel is formed, which interacts with the cross-linking agent to form a three-
dimensional elastic structure. The cross-linking process has no effect on the timing of the gelation
onset — these are two independent processes. Consequently, the safe time of work can be determined
by the gelation time of the base formulation without the addition of polymer.

The development is currently being prepared for pilot field testing, and the risks associated with
the pressure generated during the injection process have been identified. The safety of operations
when using plugging compositions is a priority. In order to predict the pressure, to exclude the risks
associated with the impossibility of pumping the isolation composition during the period of its cross-
linking, a mathematical calculation for predicting the injection pressure at changing the rheological
parameters of the isolation composition was performed. The calculation of pressure on the injection
line was carried out in OptiCem module (LandMark) under the following conditions: static level
before the start of works is 500 m, setting the open end of drill pipes above the absorption zone is
500 m, the depth of the absorption zone is 1 500 m, the volume of the injected composition is 20 m’,
the flow rate (pumping rate) is 6 /s, the composition is injected into the well with the open annular
space. MSR-102 rheometer was used to measure the rheological characteristics of the cross-linked
isolation composition, which allows obtaining highly accurate results of any viscous liquids, including
cross-linked ones. Based on the obtained data, a graph of pressure dependence on the volume of
injected CLPIM composition was plotted (Fig.4).

In conditions of high opening of the channels in the absorbing interval, the pressure during filling
of the pipe space with the isolation composition and its injection into the formation will not exceed
3.5MPa (lines 1 and 2). In case of low opening of the absorbing channels, when there are
preconditions of the isolation composition movement into the annular space, it will be necessary to
wash out the isolation composition by circulation. Movement of the cross-linked isolation
composition through the annulus will be accompanied by higher values of wellhead pressure
4.5-5.0 MPa (line 3), in case of increasing the flow rate up to the design value the maximum pressure
will increase up to 5.8 MPa. The injection technology 6o
implies setting the open end of the drill pipe above the ' A _—TT\

\e3
\

. . 5.0
absorption zone in such a way as to place 10-20 m® of
isolation composition in the open wellbore, i.e. no
reaming and washing out of the isolation composition
will be required. The risk associated with high pressure
and the subsequent inability to pump the isolation
composition in the designed volume at the specified =
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Fig.4. Injection pressure of the composition into the well
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in its viscous flow into the absorption zone. In order to increase the efficiency of isolation works,
the test program at the object will recommend excluding the stage of tool washing, which may
lead to clogging of drilling tools with cement solution. To exclude these risks, reagents have been
added to the formulation of the composition to reduce adhesion in the pair of isolation composi-
tion — metal, thus minimizing adhesion of the composition to the inner surface of the tool.
The tests show that after condensing a sample of CLPIM in a pressure and temperature regulated
cell (HTHP) for 20 min after the start of cross-linking, the composition was pressed out through
an opening of 10 mm with minimum pressure, the formation of “tongues” on the inner surface of
the cell was not recorded.

The results of the tests indicate that there are no risks when CLPIM isolation composition passes
through the bottomhole assembly during its gelling period. In the cross-linked state, the composition
does not provide high hydraulic resistance, and adhesion-reducing reagents minimize adhesion of the
composition to the inner surface of the tools.

Conclusion. The developed composition meets the requirements for isolation of catastrophic
absorption zones complicated by high opening of absorption channels: shortened yield loss time
due to internal cross-linking of the polymer; after the beginning of cross-linking the composition
becomes resistant to degradation during its injection into the formation; the achieved strength allows
the composition to resist hydrodynamic pressure occurring when the well construction process
1s resumed.

The use of magnesia binder in the formulation of the developed composition allows its destruc-
turing by acid compositions during the development period, and also expands the area of application
in conditions of hydrogen sulphide aggression. The advantages of the composition include short set-
ting time and resistance to degradation in conditions of formation water movement. Parameters of
density, gelation time, as well as the beginning of cross-linking can be selected in accordance with
specific geological and technical conditions by adjusting the water-cement ratio, as well as by intro-
ducing retarders and cross-linking agents. At the first stage the area of application is limited by for-
mation temperature (35 °C) as well as by the depth of the absorption zone (1500 m). After pilot tests
the area of application can be expanded.

Tests of the developed technology are planned in order to assess the efficiency of eliminating
catastrophic absorptions confined to formations with high opening of absorption channels. If the re-
sults of pilot tests are satisfactory, the use of CLPIM will significantly reduce the volume of injected
isolation compositions, as well as the time of isolation works.
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Abstract. Operation of vertical mine shafts in complex mining and geological conditions is associated with a number
of features. One of them is a radial displacement of the concrete shaft lining, caused by the influence of mining pressure
on the stress-strain state of the mine workings. A rigid reinforcing system with shaft buntons fixed in the concrete lining
thus experiences elastoplastic deformations, their value increases with time. It results in deviation of conductors from
design parameters, weakening of bolt connections, worsening of dynamic properties of geotechnical system “vehicle —
reinforcing”, increase of wear rate of reinforcing system elements, increase of risks for creating an emergency situation.
The article offers a comprehensive assessment of displacements of characteristic points of the bunton system based on
approximate engineering relations, numerical modeling of the deformation process of the bunton system and laser
measurements of the convergence of the inner surface of the concrete shaft lining. The method was tested on the
example of the reinforcing system of the skip-cage shaft of the potash mine. Displacement of the characteristic points
of the reinforcing system is determined by the value of radial displacements of the surface of the concrete shaft lining.
Evaluation of the radial displacements was made using monitoring measurements and profiling data. The results ob-
tained make it possible to justify the need and timing of repair works. It is shown that the deterioration of the reinforcing
system at different levels occurs at different rates, defined, among other things, by mechanical properties of the rock
mass layers located at a given depth.

Keywords: mine shaft; concrete lining; rigid reinforcing; deformation assessment method; profiling
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Introduction. Vertical mine shafts are considered to be of the first class of importance, as their
failure to operate properly can lead to shutdown of the entire company (SP 91.13330.2012). The main
factor of reliable and accident-free operation of a mine shaft is the serviceability of its reinforcing
system, consisting of a system of structures ensuring the movement of the vehicles under specified
modes of operation of the lifting unit during the entire operating life of the shaft [1]. Calculation of
rigid reinforcing is performed according to the conditions of dynamic stability of the movement of
the vehicles in the conductors and is carried out at the stage of mine shaft design. Besides, the ele-
ments included in the reinforcing are calculated for compliance with the stiffness and strength charac-
teristics [1-3]. The other loads are considered insignificant, so they are neglected in the calculation or
some reserve coefficients are taken into account when determining the loads from the vehicles [4].
Simplifying the calculation scheme may lead to inaccurate determination of the parameters of rigid
reinforcing of potash mine shafts, therefore, it is necessary to take into account the complex time-
varying interaction of the geotechnical system “rigid reinforcing — shaft lining” [4].

It is known from field observations [5], that during the operation of potash mine shafts, corrosion
and mechanical wear of buntons and guide conductors inevitably occurs. Wear of the reinforcing
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elements results in changes in their geometric parameters — reduction of conductor and bunton wall
thickness and reduction of stiffness of the entire reinforcing system. If the shaft is in complex mining
and geological conditions (unstable rock mass, loading from additional excavations, etc.), then defor-
mations of some sections of the lining and, consequently, of the reinforcing occur. Deformations in a
concrete monolith can reach such a magnitude that at a certain point a situation arises, at which it is
impossible for the vehicle to pass freely in the conductor track. It results in deterioration of dynamic
properties of the system “vehicle — reinforcing” and reduction of operation parameters [5, 6]. To
eliminate the failure, the deformed section of the bunton is replaced with a straight section of the
bunton, whereby it is previously released by pressing the bunton end embedment out of the concrete
lining [6]. Each bunton embedment point is opened to the size necessary to bring the conductor
track to the base, design position. If necessary, not only the concrete lining is removed, but also the
salt rock is stripped to sufficient length and width. A detailed description of the working conditions
of the rigid shaft reinforcing with a list of the main load types and their effect on the reinforcing is
presented in the papers [7-9].

Statement of problem. Studies by various authors have established that during the operation of a
mine shaft in complex mining and geological conditions, deformation of the concrete lining is observed
as a result of change of the rock mass containing the shaft [10-12]. Deformation of the concrete lining
is transmitted to the rigid reinforcing, resulting in the disruption and design change of the buntons and
conductors [13-15]. Various aspects of the effect of undermined areas on shaft geometry and perfor-
mance are discussed in the papers [16, 17].

The following problems accumulate and occur during continuous operation of the mine shaft
lining and reinforcing system [18-20]:

« changes in the track geometry of the guide conductors which can lead to out of track or jamming
of the vehicles. It threatens to cause an emergency situation with severe consequences;

« due to intensive abrasion of the conductors and buntons, accumulation of fatigue stresses and
corrosion wear, the service life of the reinforcing elements decreases;

« cost of operating the shafts, related to time-consuming regular inspections and labor-intensive
repairs of the reinforcing fixing points, increases.

To solve these problems, it is necessary to perform a comprehensive assessment of the technical
state of all the elements of the rigid reinforcing as a single frame structure, taking into account the
convergence of the concrete lining.

Thus, the task of the research is to study the features of joint deformation of the geotechnical
system “rigid reinforcing — shaft lining” followed by the assessment of critical deformations and their
influence on the choice of structural and technological solutions for reinforcing vertical shafts.

Methods. To settle out the given problem both the engineering approach and numerical approach
were used — finite element method (FEM) using ANSY'S application program package. It is necessary
to determine the relationships between the magnitude of the concrete lining convergence and the
magnitude of deformation (displacements) of the rigid reinforcing by the example of the skip-cage
mine shaft of the potash mine. In practice, instrumental methods of investigation and control of rein-
forcing systems and vehicles using modern measuring tools [21-23] and monitoring [24] are widely
used. As calculation methods, primarily the engineering method is applied [25-27], based on approxi-
mate approaches of theoretical mechanics and resistance of materials [28, 29]. Approaches based on
numerical solution of such problems by the finite element method are also developed [30-32]. Some
of them consider box steel structures with corrosion taken into account [33-35]. Note that only indi-
vidual elements of reinforcing systems have been considered by numerical modeling methods so far,
although it seems to the authors that this method, combined with instrumental monitoring methods,
has significant promise.

This paper offers a comprehensive approach to the study of joint deformation of the geotechnical
system “rigid reinforcing — shaft lining”, including engineering and numerical methods, as well as
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instrumental measurements of the lining deformation. Approximate relations are presented and a
3D-numerical model has been developed to assess deformations of the rigid shaft reinforcing system
with respect to the convergence of the concrete shaft lining. The stress-strain state and displacements
of the reinforcing system were determined by the example of the skip-cage shaft of the potash mine.
A predictive assessment of the reinforcing performance under the constant effect of the convergence
factor of the concrete lining in salt rocks is presented.

Engineering problem statement. The main task for engineering evaluation of the reinforcing
performance under the effect of the convergence factor of the inner diameter of the concrete lining is
an analysis of the displacements of characteristic points for the complex bunton system over time.
It is impossible to formulate equations for analytical determination of the displacements of the charac-
teristic points for the complex bunton system with respect to all interfaces and fixing points. Here we
shall take only approximate (engineering) estimates of the displacements within the framework of the
following assumptions. All the fixing points of the reinforcing levels in the concrete lining are moved
radially by the magnitude AR, determined by the lining convergence during salt rock creep under the
effect of rock pressure and dependent on time.

Let us introduce the OXY coordinate system with the coordinate origin located in the centre of the
shaft (Fig.1). Here letters A, B, ..., I, J mark the points of fixing the shaft buntons R1-R8 to the
concrete lining, and letter B; marks a new position of point B at radial convergence of the shaft lining.
Based on the geometrical dimensions of the bunton system, for each fixing point we can determine
the angle between radial direction (the segment connecting the shaft centre and the given point, the
segment shown by the dotted line) and the axis OX. Figure 1 as an example shows an angle ¢s for the
fixing point B. Through these angles, for each fixing point, we can find displacements of the corre-
sponding point along the coordinate axes, e.g.

AUgx = — ARcos@s; AUgy = — ARSing. 1)

Based on the displacements of all the reinforcing fixing points, it is necessary to evaluate new
positions of the junction points of longitudinal and transverse buntons (points M, N, Q, S, V, W).
In general, it is a complex nonlinear problem that needs to take into account both the change of the
angles in the points of fixing and junction of
the buntons and their possible bending in the
horizontal plane due to loss of stability. In case
of bending, the central part of the bunton span
receives additional displacement. Considering
all these factors when obtaining engineering
estimates requires additional assumptions.

Let us take the bunton R5 as an example.
This bunton has junctions with the bunton R6
in the point M and the bunton R7 in the point N
(Fig.1), with possible bending, resulting in
maximum displacement along the X axis of the
middle of the bunton at the connection point
with the conductor P3.

The point M at the shaft lining convergence
will turn to the point A1, and the fixing points B
and C — to the points B1 and C1. We assume that
the bunton segments maintain their lengths
BM = B:M; and CM = C:M; (in this case, the
BMC junction angle may change). Therefore,

Shaft axis

. L. ) Fig.1. Scheme of buntons and conductors
the coordinates of the new fixing points (by the example of the skip-cage shaft)
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Xg =Xg +AUg s Yo =Yg +AU,,;

XCl =X +AU, ; YCl =Y. +AU.; (2)
AU, =—-ARcC0sp.; AU, =—ARsing.. (3)

Let us say that
X, = Xc+AUxc; Yy = Ym+ AUvs. 4)

It should be noted that the position of the point M1 will be also influenced by other displacements
of the points D, E, as well as by the junction points of the buntons R5 and R7. In addition, large
bunton spans between the fixing points and/or the junction points may bend in the horizontal plane.

We shall estimate the bending deflection of the bunton R5 in the section M:N1, assuming that
there is a loss of stability of the bunton at its compression in the direction along its axis. As we know,
when the critical compression force is reached, the beam loses stability and takes a new (in the special
case, flat) sinusoidal shape [36]. The number (or fraction thereof) of sinusoidal waves depends on the
boundary conditions of the beam fixation. In our case, the compressive forces do not act strictly co-
axially, since for the considered cases the buntons are embedded in the concrete lining, which deforms
radially over time, creating two projections of bunton end displacements: along and across its axis.

Following the article [36], we assume that the bending curve of the clamped beam at loss of
stability represents a half-wave of the sinusoid shown in Fig.2, where half of the bent curve of the
beam is shown, the dotted line shows its initial position.

The initial length of the bunton is L. The bunton bends with a bending deflection C, which should
be estimated after displacement of one end of the beam along its axis relative to the other (fixed) end
by the value of A. The condition for determining the bending deflection C is the equality of the initial
length of the bunton half L/2 and its length S in a bent state. As we know" the length of the curve is
defined by the integral [37]

S :j 1+(y') dx, (5)

where a — integration length; y’— derivative of x.

In our case y = 0.5Csin (nx/a); a = 0.5 (L — A). By entering a new variable m = — (0.5Cn/a)?,
we link together the relation (1) and the full normal Legendre elliptic integral of the 2nd type E2(m),
having no expression in quadrature”,

S =(2—:jj 1—m(sint)2dt=(2—:j E, (m). (6)

At small m (the bending deflection is signifi-
J cantly smaller than the bunton length), the function
c

E2(m) decomposes as a rapidly descending power

series
__________ T T 3t _, 3
Ex(m)= ———mM-—--m“+0(m’), 7
(m 2 8 128 ( ) %
! ! where O(m®) — a value (residue of the power series),
Fig.2. Bending scheme of the bunton beam which order does not exceed m®.

* Akhiezer N.I. Elements of elliptic function theory. Moscow: Nauka, 1970, p. 304.
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In this case m < 0.1, consequently, it is 160 3
enough to use two members of the series in the 2
decomposition (7) to obtain a reasonable engi- 120 /
neering approximation. /

'I_'hus, in view of the requirement for the e //
equality of the lengths of the bunton beam curves € & 7
before and after deformation, the expressions for ~ ~ //

a, m and the decomposition (7), we obtain 40
2
Sza[1+{Ej J:O.SL. (8)
4a 0 5 10 15 20 25
A, mm

REIationShip (8) allows us to get an analyti' Fig.3. Dependence of the bending deflection

cal expression for the bending deflection on the magnitude A for different bunton lengths

1-15m;2-20m;3-25m

C=(2/m)A(L-A). 9)

Figure 3 shows a strong nonlinearity of the dependence on the magnitude of displacement of the
bunton end along its axis A, especially at small values A: thus, at A =5 mm, the bending deflection
C =55-72 mm in the presented range L. The obtained dependencies will be discussed when analyzing
the bunton system by the example of the skip-cage shaft.

Estimation of displacements of the bunton characteristic points. From the perspective of
accident-free operation of the reinforcing and the vehicles, first of all, it is important to assess the
magnitude of displacements of the bunton points in the directions perpendicular to the bunton, in
the places of conductor attachment, as they can cause the vehicle both to jam and to move out of
the track of the guide conductors. The displacements of interest can be expressed through the
corresponding displacements of the bunton fixing points and the value of AR, similarly to the
formula (1):

1 1
AUyp2 = E(AUYE +AUYD); AUyps = E(AUYJ +AUYA);

AUyps =~ AUyp7 = 0; AUypg = AUyg; (10)
AUxps = AR + 0.2C(SV); AUxps = AUxc — C(MN),

where C(SV), C(MN) — the bending deflections of the bunton spans SV and MN, defined by means of
graphical relationships.

Taking into account the dependences of the displacement of the bunton fixing points on the value
of AR, similarly to the formula (1), we bring relations (10) to the form:

AUyp1 = —0.548AR; AUypz = 0.548AR;
AUyps = 0.906AR; AUyps = AUyp7 = 0; AUypg =~ —0.814AR,; (11)
AUxps =~ AR + 0.2C(SV); AUxp3z =—-0.932AR — C(MN).

Formulas (11) represent the final result of the approximate approach for estimating the displace-
ments of the bunton points at the conductor fixing points. These formulas are valid for the bunton
system (see Fig.1).

Thus, maximum displacements are realized on the conductor P4, further on the conductors P3,
P5 and P8. Consequently, over time, problems will arise primarily for these conductors. It is these
conductors that should be the subject of close attention during periodic inspections of the shaft rein-
forcing condition.
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Numerical 3D-modeling. A quite promising method of mathematical modeling allows conside-
ring the reinforcing system as a single frame structure in combination with concrete lining. Applica-
tion of numerical methods takes into account the change of many different factors of geometrical and
physical state of the reinforcing, such as corrosion reduction of the profile wall thickness,
mechanical characteristics of the used steel (modulus of elasticity, yield strength, ultimate strength)
[33-35, 38], stress in the system “reinforcing — shaft lining”, etc.

The geometric model and the model fragment with FE mesh are shown in Fig.4. The boundary
conditions for the considered geometrical model of the reinforcing consist in specifying projections
of the displacements along the axes of the OXY coordinate system for all points of attachment (end
sections) of the shaft buntons R1-R8 to the concrete lining, similarly as it was done in the engineering
approach (1). In practice, the buntons are inserted into the concrete lining and fixed in it by creating
additional gaskets (wedges) and subsequent concreting of the “hole” created for the bunton. Such at-
tachment cannot provide a “perfect embedment”, during the operation the concrete in the hole may
crack and the wedges may weaken. All this can result in the creation of an elastic hinge support instead
of the “perfect embedment”, as well as in “slippage” of the bunton under high axial loads inside the
concrete lining.

To model these factors “false” volumes at least 30 cm long (that is how far the buntons enter the
concrete) were formed at the ends of the bunton (Fig.4, a), then the displacement projections were
set. The elastic hinge was modeled by specifying reduced (by a factor of 2) elastic properties of the
“false” volumes compared to the bunton itself. The adopted design scheme simulates the concrete
stiffness reduction in the “hole” of the bunton attachment and its partial “slippage” towards the rock
massif. Thus, the developed numerical model can result in larger calculated bending displacements
of the buntons than in reality, i.e., to some “reserve” in predicting the dangerous state of the reinforc-
ing system.

Classical mathematical formulation of the problem of assessing the stress-strain state of an elas-
toplastic body [39, 40] includes: equations of equilibrium, boundary conditions in displacements and
stresses, Cauchy equations, linear elasticity equations of an isotropic body, and plasticity equations.
The present calculation scheme does not take into account volumetric forces; there are no surface
loads. The boundary conditions are provided by the presence of the specified displacements at the
ends of the buntons, an example of which is given in the relation (1).

The reinforcing material is steel 0992s, yield strength is 325 MPa, ultimate strength is 470 MPa.
The cross section of the buntons is a closed rectangular box with dimensions of 130x212 mm; wall
thickness is 12 mm.

The tasks were solved by the finite element method in the ANSYS package [41] spatially. The
following options were used: Rate Independent, Isotropic Hardening Plasticity, Mises Plasticity, Mul-
tilinear for plasticity calculations.

a b

ST_1_BK4_RE_5335 ST_1_BK4_RE_S

Fig.4. Geometric model of the bunton system with box profile () and model fragment with FE mesh (b)
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Analysis of numerical results. A series of
calculations of the reinforcing deformation at dif-
ferent values of the shaft lining convergence AR
was carried out. The displacement field Ux at the
value of the radial displacement of the lining
AR = 30 mm is presented in Fig.5, where we can
observe significant displacements of longitudinal
bunton areas R4 and R5 located between the trans-
verse buntons. There is a match of the directions of
X axes in Fig.5 and 1. The displacement magnitude -
Ux reaches 192 mm (bunton R4) and —260 mm |-

(bunton R5), which 5|gn|f|ca_nt_ly ex_ceeds the con- Fig.5. Displacement field Ux at AR = 30 mm
vergence value of the shaft lining diameter 2AR = (blue colour corresponds to the value +154 mm,
=100 mm. This nonlinear effect is due to the strong red colour +192 mm)

bending of the parts of the longitudinal buntons.

It is well known that such deformations of the reinforcing cause failure in safe shaft operation
much earlier, i.e., at lower values of the lining convergence. Besides, elastic-plastic deformations
(and corresponding stress level) can lead to destruction of the welded box body of the bunton beams.
In areas with developed plastic deformations, a so-called plastic hinge can occur. In practice, we are
more interested in the displacements of the characteristic points of the reinforcing (e.g., at the con-
ductor locations) as a function of the magnitude of the radial lining displacement AR.

Figure 6, a shows the dependence of the displacement Ux on AR for the fixing points of the
conductors P3 and P4. Round markers indicate displacement values calculated by engineering for-
mulas (11), which provide overestimated absolute displacements compared to the values obtained by
the FEM. This is due to the fact that the numerical solution takes into account the influence of the
entire bunton system as well as a possibility of plastic deformations. The sum of the absolute values
of these displacements provides the value of the distance reduction between the conductors P3 and
P4. It is obvious that already at the displacement of the lining AR is more than 15-20 mm, the dis-
placements of the conductors P3 and P4 become unacceptable.

Figure 6, b shows dependences of the distance reduction along the OY axis between the conduc-
tors P5 and P6 (curve 1), P6 and P8 (2), P1 and P2 (3). Maximum changes of the distances here are
observed for the conductors P1 and P2. In general, these values are less significant than the displace-
ments along the axis OX. It means that maximum displacements of the bunton points, which deter-
mine accident-free operation of the reinforcing, occur in the horizontal plane perpendicular to the
direction of the main buntons (the displacements in the fixing points of the conductors P3 and P4).

A similar series of calculations was performed for corrosion-prone reinforcing when the box
section wall was reduced by 2.4 mm (up to 9.6 mm). Reduction of the wall results in the increased
deformations of the bunton system, and quality changes of the deformation behavior of the main

a 100 ‘ ’J},/ b 80
P4 :
o —— L
0C
IS IS
3 >
-) -
-100 P3 <
(@]
-200 T
0 10 20 30 40
AR, mm AR, mm

Fig.6. Displacements of the characteristic points of the bunton system
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longitudinal bunton are possible. In Fig.6, b the dotted line indicates the dependence of the distance
reduction along the OY axis between the conductors P6 and P8 at box section thickness of 9.6 mm.

Discussion of the results. Analysis and comparison of the modeling results, engineering calcu-
lations and in-situ observations were made based on the data of long-term studies on changes in the
distances between the parallel buntons R4 and R5 performed in the interval of the levels N 95-140
of the skip-cage shaft of Berezniki mine. Measurements of the distance between the two buntons
were carried out along bold red dotted lines drawn through the points of the plumb lines O2 and O3
(see Fig.1).

The value AR is taken from the data of the shaft laser scanning [8], conducted in 2021, with one
“west-east” direction chosen for each level. We obtained an estimate of the average rate of diameter
change at the intersection with carnallite layers at the site of stationary change in diameter
2.0 mm/year. Since the profiling was carried out in 2013, over 8 years the average diameter change
could be about 16 mm. This value was subtracted from the laser scanning data. After the profiling
before the end of 2013, the conductors were aligned. The results were taken into account when com-
paring the calculated and experimental data.

Figure 7 shows the dependences of calculated and experimental measurements of the distance
reduction between the buntons for 2013. Maximum discrepancy between the calculated and the ex-
perimental data including the aligning is 30 %, the average discrepancy is 10.4 %. It should be
noted a quality fit of the calculation data according to the proposed complex method and of the
profiling measurements. Repairing and replacing the reinforcing is an extremely labor-intensive
process, resulting in high financial costs associated with shaft shutdowns and a corresponding re-
duction in the productivity of part or the whole potash mine. In the first years of operation of the
mine shaft reinforcing located in the salt massif, localized repairs (aligning) are done to correct the
curvature of the conductors. Aligning of the reinforcing means adjustment of two reinforcing con-
nection units (flange joints), with displacement of the longitudinal axis in each bunton unit by a
certain length, allowing to bring the conductor track to the base value. In each specific case, the
aligning time depends on the depth of the level H and on the geomechanical properties of the rock
mass at this depth.

For example, mechanical properties of carnallitic rocks are significantly inferior to those of syl-
vinite or rock salt, so reaching the time 7" may occur earlier in the sylvinite-carnallite area rather than
in the underlying rock salt area, which is much deeper. In addition, the area of the shaft junction with
horizontal workings is also a weakened area. Estimation of the time 7 in this area is difficult, as it

also depends (apart from the above factors) on

140 the geometry (structural features) of the area of

the shaft junction with horizontal workings [10].

/ L Based on the specific rates of change of the

/ K shaft diameter obtained by laser scanning [8],

0 — results of research data and numerical modeling

of the deformation process of the concrete lining

as a result of salt mass creep [10], the following
conclusions can be drawn:

[y
o
o

Distance, mm
(o))
o
)
oy
B
._
\
[ ]

200 « for the reinforcing levels located in car-
104 105 106 107 108 109 110 111  pallitic rocks with high rates of change in the
Level number shaft diameter, the first aligning should be car-

Fig.7. Change of the distance between the buntons: ried out already in 7 = 4-5 years after the opera-

calculation (solid line) and experimental (squares) measurements. tion start. the second one — in 20 years (about
Average values of profiling data along the lines ' . d )
02 and O3 exclusive of the aligning (black squares); 15 years after the first one), the third one — in

including the aligning performed in 2013 (white squares) 50 years (about 30 years after the second one);
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* the first aligning for the levels with minimal rates of the diameter change (intersection with
rock salt, sylvinite) is necessary after 7= 20-25 years;

« aligning on the remaining levels is necessary in the time range between these two extreme
cases.

The proposed integrated approach for each bunton system of a particular shaft needs to be per-
formed anew: to carry out laser monitoring, profiling, to form a new calculation scheme and to per-
form numerical studies. Of course, the error of forecast calculations may be different for different
shafts. The most difficult point is the application of the proposed method for the assessment of the
bunton deformations after the performed aligning — it requires additional research.

Thus, practical application of the results of the calculations and the performed research consists
in predicting the onset of critical deformations of the rigid reinforcing system with further substan-
tiation of repair works.

Conclusion. This article considers the features and the problems of the rigid reinforcing opera-
tion in potash mine shafts, when concrete lining experiences significant deformations when inter-
acting with rock massif. The authors offer the comprehensive assessment of displacements of the
characteristic points of the bunton system based on approximate engineering relations, numerical
modeling of the deformation process of the bunton system and laser measurements of convergence
of the inner surface of the shaft concrete lining.

Numerical modeling of the complete bunton system of rigid reinforcing in 3D-setting at the
convergence of the shaft concrete lining was carried out, specific features of the bunton defor-
mation, maximum displacements of the characteristic points were revealed. The authors compared
engineering and numerical estimates of the bunton system displacements at different levels with
monitoring (profiling) data and laser measurements of the inner surface of the concrete lining of
the skip-cage shaft of the potash mine. Based on the estimates of the convergence rates of the shaft
concrete lining at the intersection of rock mass layers with different physical and mechanical proper-
ties, the forecast estimates of the limiting time of the reinforcing operation have been obtained, after
which repair works will be required.

Thus, the comprehensive assessment of the rigid reinforcing deformation at the convergence of
the shaft concrete lining allows making correct calculations for determining parameters of rational
schemes of the reinforcing structures and the lining of the shafts located in salt massif.
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Abstract. Long-term activity of mining enterprises causes the necessity to substantiate the strategies of management of
the mining and technical system functioning in terms of improvement of ore quality control, which is determined by
its change in the course of field development due to the priority development of the main reserves and, as a conse-
quence, forced transition to the mining of complex structural rock blocks with a decrease in the recovery percentage,
which is typical in case the ore component meets the requirements of the feasibility study in terms of grade at substandard
capacity. In this case, it is possible to identify the recovery percentage and the potential for its increase by analyzing
the long-term activity of the mining and industrial enterprise, namely, by analyzing the data of mining complex struc-
tural rock blocks with the subsequent establishment of the relationship between the primary data on mining and geo-
logical conditions and information on the quality of the mineral obtained from the technological equipment. Therefore,
the purpose of the research was to substantiate the necessity of improving the management strategy of the mining-
technical system functioning, which consists in the fact that on the basis of analyzing the mining data of complex
structural rock blocks it is possible to determine the ore mass losses and their quantity and to lay the basis for the
development of decisions on its extraction. For this purpose, the collected data on the mining of complex structural
rock blocks, accounting the geological and industrial type of extracted ores, were considered in modeling the conditions
and studying the parameters of technological processes, the implementation of which provides additional products.
It was revealed that the ore mass from substandard thickness layers is delivered to the dumps, and ore mass losses have
been estimated at 25-40 % per year. It is proved that determination of ore mass losses based on the analysis of data on
mining of complex structural rock blocks, as well as timely solution of this issue can significantly increase the produc-
tion efficiency of mining and technical system. Taking into account for the results obtained, the options for optimizing
the production of the mining and engineering system were proposed.

Keywords: mining engineering; quality management; ore flow; complex structural rock blocks; big data; data analytics;
production optimization
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Introduction. The continuous operation of mining enterprises with the priority of mining rich
ores gradually leads to the fact that nowadays there is an increase in mining volumes with a simulta-
neous decrease in the quality characteristics of ore flow [1, 2]. This is one of the urgent problems
reducing the production efficiency of the mining system [3, 4]. Since rational management of the
qualitative characteristics of the extracted ore mass is the basis for ensuring the production perfor-
mance of the mining and technical system [5, 6], the solution of this problem will increase the com-
pleteness of subsoil development and improve the production performance of mining enterprises
as a whole.
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The quality characteristics of ore streams are managed in all technological processes along the
chain: stripping of the deposit or its parts — preparation for cleaning excavation — loading into ve-
hicles — transportation — shipment and storage for processing — beneficiation. The effectiveness of
quality management depends directly on the analysis of data from the rock mass [7, 8] and techno-
logical equipment [9].

According to the sources [10, 11], traditional methods and tools of quality management allow
identifying problems and optimizing the decision-making process, but a significant disadvantage can
be considered a delay in the implementation of corrective actions. In addition, prolonged development
of mineral deposits introduces new complexities in technological processes, which is often associated
with depletion of reserves or complication of mining and geological conditions and requires new
approaches to quality management of ore mass. Information and communications technology make
it possible to increase efficiency in quality management by integrating into technological processes
various patterns obtained from data analysis and reflecting production efficiency [12, 13], as well as
to manage the quality of ore mass in real time, while minimizing losses [11, 14, 15].

Currently, Industry 4.0" technologies such as the Internet of Things (IoT) [16], big data [17],
cloud computing, 3D visualization, provide digital transformation of mining enterprises with a num-
ber of advantages in terms of production efficiency, product quality and cost reduction [18-20],
as well as determination and prediction of various process parameters [21-23]. The authors of the
article [24] believe that the key components for effective quality management are the processing of
big data and improvement of prescriptive analytics.

The basis of the digital process control system capable of ensuring the required level of efficiency
at a mining enterprise [25] is reliable and timely information at all levels of production [26, 27].
However, the highest efficiency indicators can be achieved only with the understanding of the target
task, based on which the list of information sources and types of data generated during the implemen-
tation of technological processes should be determined. In terms of quality management such sources
can be data on the material composition and technological properties of ores, geophysical and geo-
chemical studies [28-30], as well as data from analytical information and automated systems [31],
including the automated control system of the mining and transportation complex, automated control
system of drilling and blasting control system, quality control system and other systems and types of
data that include information on changes in the quality characteristics of the mineral at all stages of
field development [32].

In terms of definition of sources of digital data and organization of their collection, the classifi-
cation of data sources of mining-technical system based on the object of their obtaining, proposed in
the paper, [33], is the most suitable, because this classification allows to justify the order of putting
the source of information into operation at the design stage for each physical object, to determine the
parameters of the received signals and the principles of their transformation into digital form and, if
necessary, to establish the requirements for the frequency of the received data, as well as the format,
suitable for the data collection. for processing, analysis, long-term storage and conditions for using
the data.

Statement of problem. As the authors admit [34], the solution to improve the homogeneity of the
quality characteristics of the formed ore streams is the reliable separation of ore deposits in the rock
mass with their precise delineation and identification of technological types and grades of ores, ensuring
their efficient mining and transportation in the appropriate modes of separation or quality averaging.
However, the reliability of such allocation depends on the mining and geological conditions of the fields
being developed, based on the analysis of which the industrial value and complexity group of the objects
are determined with subsequent justification of the geotechnology of their development [35]. It should

* Industrial Development Report 2020: Industrializing in the digital age. Vienna: United Nations: Industrial Development
Organization, 2019, p. 228.
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be noted that the quality indicators of the extracted ore mass crucially depend on the mining and
geological features of the mined deposits, so it is necessary to pay special attention to improving the
reliability and processing of data on the rock mass and to interpret the obtained results accounting for
the analysis of other data sources.

The problem of ensuring consistent quality is most relevant for mining companies engaged in
the development of complex structural deposits of solid minerals [36, 37], where the total volume of
the developed deposit has a significant proportion of low-power steeply dipping ore bodies, the ef-
fective excavation of which is complicated [38]. As a rule, the main difficulties in ensuring quality
characteristics in this case are associated with the lower capacity of the working bodies of the exca-
vation equipment compared to the thickness of ore layers, which results in the ore dilution, leading
to a decrease in the quality characteristics of raw materials.

In addition, when developing deposits, mining companies are required to conduct their opera-
tions in accordance with the adopted feasibility report of the conditions, which may set limits on both
the content of valuable components and the capacity of ore bodies. Thus, for example, the basic block
model of the deposit, which is formed accounting for the compliance with the power specifications,
is simplified by excluding ore layers whose thickness does not meet the accepted requirements, if
within the developed deposit there are ore layers with a thickness of 4 to 5 m, and the specifications
are focused on the development of layers with a thickness of more than 6 meters. As a result, the
reliability of the real mining and geological situation is reduced, which subsequently leads to a de-
crease in the productivity of the enterprise due to the planning of mining operations based on an
incomplete set of data, leading to significant losses of ore mass entering the dumping facilities. This
allows us to formulate a hypothesis on the necessity of finding solutions aimed at identifying possible
losses of ore mass and justifying the recommendations that will ensure increased efficiency in quality
management in the course of deposit development.

Thus, due to the increasing probability of significant losses of the ore component, corresponding
in content to the requirements of the feasibility study at substandard capacity, when mining complex
structural rock blocks, a variant of improving the management strategy of the functioning of the mining
and technical system is proposed, which differs in that the increase in the completeness of subsoil
development can be provided on the basis of analyzing the data on the mining of complex structural
rock blocks, namely by identifying the types of possible losses and their quantitative index, which as
a result will contribute to the development of solutions aimed at additional extraction of ore mass.
Justification of the proposed variant will determine the possibility of revision of the existing quality
management systems or their supplementation accounting for the need to increase the productivity of
the enterprise and obtain additional marketable products in the form of productive fraction, previously
not extracted for objective reasons.

Justification of the improvement of the management strategy for the functioning of the mining
and technical system in terms of quality management within mining and industrial enterprises is a
considerable task, the solution of which can be realized by obtaining their long-term activity. The
study is based on the analysis of big data generated during the functioning of the mining-technical
system from each unit of mining equipment, which is the source of formation of data on the indicators
of its operation and condition [9, 27, 39]. In this case, to solve the problem of ore flow quality
management, special attention should be paid to analyzing data on the mining of complex structural
rock blocks with the subsequent establishment of the relationship between the primary data on the
mining and geological conditions of the deposit and data on the quality of the mineral obtained from
the process equipment.

The aim of the paper is to substantiate the necessity and possibility of improving the management
strategies of mining-technical systems based on more adequate block models and mechanisms of ore
flow management using modern methods of predictive analytics.
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Methodology. Since the highest efficiency indicators of mining system development processes
can be achieved only by understanding the target task, it should be taken into consideration that the
list of requested data is determined both depending on the availability of data at the enterprise and
accounting for the geological and industrial deposit type. For example, when collecting information
at an enterprise extracting iron ores”, data from both chemical sampling and geophysical methods for
determining the quality of the mineral are mandatory.

In order to verify the proposed variant of improving the management strategy for the functioning
of the mining-technical system at one of the iron ore mining-industrial enterprises of the country, an
audit of the current quality management system was conducted, and retrospective data for the last
three years of activity were requested, including information on the processing of complex structural
rock blocks obtained from the mining mass and technological equipment.

Modeling of conditions and study of parameters of technological processes, implementation of
which can provide extraction of additional marketable products, was carried out in several stages:

« collection and processing of all information received from the enterprise on the mining of com-
plex structural rock blocks received from the mining massif and technological equipment;

« verification of the integrity of uploads from provided databases;

« preparation of initial data presented in the form of distribution of the rock mass structure indi-
cators, elements of working processes of the mining and engineering system, tied to specific points
of space and time;

» modeling of conditions and research of technological processes parameters based on the regu-
larities identified at the first stage;

« preparation of conclusions based on the data analysis on possible scenarios for the development
of complex structural rock blocks to determine the types of possible losses and their quantitative
indicators.

Taking into account the data available to the enterprise, as well as the geological and industrial
type of ores to be mined, the list of required data included:

» maps of magnetic iron content distribution by mined blocks, drawn up at the annual planning
stage;

* maps of magnetic iron content distribution over mined blocks, based on drill and blast
logging data;

* block layout on the pit plan;

« instructions adopted at the enterprise for determining, accounting and standardization of pro-
duction losses;

« ore control station performance statistics;

* loss reports;

« data on ore types and their characteristics (study);

« data on wells of the exploration stage at the deposit, which are the basis for building the initial
block model;

« current ore quality requirements at the beneficiation plant;

« list of attributes (magnetic iron content, sulfur content, enrichment, lithology);

« data on mining, loading and transportation means used;

« dispatching system data (hnumber of machines sent to dump, ore stockpile, SMS with linkage
to faces).

At the stage of initial data preparation for modeling, the integrity of database uploads was
checked, which consisted in determining the presence of information on spatial position and hole
parameters. In addition, a cross-check was performed to verify the consistency of the same infor-
mation presented in different records of different database tables.

“Guidelines on the application of the Classification of reserves and forecast resources of deposits of solid minerals. Iron ore.
Moscow: Gosudarstvennaya komissiya po zapasam poleznykh iskopaemykh, 2007, p. 40 (in Russian).
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At the initial stage of resource model prepara-
tion, it was decided to use data from the enterprise’s
block model, however, during the analysis of the
logging data by blocks, including the search for
substandard thickness of interlayers, taking into
account the peculiarities of ore depo-sits occur-
rence and annual mining decline, the discrepancy
between the block model data and hole logging re-
sults was established (Fig.1). In the course of mod-
eling, this may lead to a mismatch between the ac-
tual production volumes and the modeling results.

The second negative point affecting the quality
of the final result is the use of interpolation models
when building a block model, which increases the
smoothness of contours and leads to increased
resource costs for processing and analyzing the ob-
tained information. Therefore, it was decided to

Fig.1. Results of comparing data of hole logs (a) use as initial information on the geological struc-

and block model (b) ture an analog of the block model built from hole

logging data without using interpolation (Fig.2).

The proposed model is based on A.K.Boldyrev's reserve calculation method and the concept of the
nearest area (geometric area of influence of the hole)” (Fig.2, b).

At the stage of information processing the selection of initial data for modeling was carried out.
Due to the lack of standardization of digital data collection and storage, as well as unstructured data
from multiple technological processes, the obtained information on the functioning of the mining and
technical system was multi-format, which made it difficult to analyze it using standard methods of
mathematical analysis. Since geologic data are generated in the process of research and additional
study of the massif under development (frequency of receipt and updating at least once a month), and
dispatching data (discreteness — 1 s or more) — due to the operation of process equipment, there is a
problem of linking the collected information into a single complementary complex or structure of
spatial and temporal data sets. The problem is solved by synchronizing, structuring, transforming and
bringing different datasets to a common format that allows the construction of a single spatio-tem-
poral model processed using uniform methods and rules.

Analysis of the initial data at the stage of their preparation allowed us to identify two key sets of
factors that have a major impact on the efficiency of the mining and technical system of this
enterprise: factors related to the features of the geological structure, and factors related to the

Fig.2. The principle of matching logging data with the nearest area (a)
and the principle of constructing the nearest area (b) for holes

* Zamotin V.B., Koshkina L.B., Lyskov I.A. Calculation of solid mineral reserves. Perm: Perm National Research Polytechnic
University, 2012, p. 33 (in Russian).
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operation of the mining and transportation system, which forms the structure of the ore and
overburden flow

The geological component of the geospatial source data set in this case is represented by the
description of geological information in the form of simple text and graphic files: graphical represen-
tation of the developed block in the form of nearest area sets for each hole in the block, logging data,
hole data with areas of constructed nearest areas.

Information on the operation of mining and transportation equipment, including information on
the volume of cargo transportation, is represented by a set of basic indicators of the automated dis-
patching system: average speeds of dump trucks, distances of their movement from blocks to unloading
points, the model range of dump trucks by body volume, data on average intervals of loading of one
dump truck taking into account the productivity of a particular excavator, data on bucket volumes of
the used excavators. The specified set of data as constants and parameters is presented in the form of
spreadsheets and was used to obtain different variants of models on the same set of geologic data.

The program part of the database generates output data based on the specified information in the
form of sets of files: block card with stocks, dump truck flow with information on each machine,
statistics on all generated dump trucks and total statistics on stock data in all blocks included in the
model. This data set allows checking the correctness of resource generation for the model by means
of simple comparison of data from different files.

Results. Comparison of the two approaches allowed us to draw the following conclusion: the
quality of the information presented by the two methods is comparable, but the recommended modeling
variant is less costly in terms of time and resources, also when applying various interpolation models
smoothing the actual distribution of components, no additional distortion is introduced into the
original information, so it is preferable. Figure 3 shows examples of graphical representation of mo-
deled blocks.

In order to determine the necessary parameters of the quarry transport system operation, the
analysis of the dispatching system data was performed. A total of 3548880 records were checked and
processed according to the dispatching data. Corrections in coordinates were made in 391275 records,
which is 11 % of the total volume.

Further, the average loading interval was calculated for the analysis and general data on excava-
tor productivity was determined. During the calculations the data on loading time of each dump truck
with reference to a specific excavator were analyzed. The analysis was performed for different inter-
vals of statistics accumulation from a minute to a quarter. Figure 4 shows an example of building
a graph of dump truck loading intensity.

Number of loads

0 5000 15000 25000 35000

Time, h
Fig.3. Examples of graphical representation Fig.4. Excavator operation statistics 13
block model when creating a resource database (maximum loadings — 16) during an hour
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Fig.6. Result of modeling of loading processes
and transportation of rock mass from complex structural rock
blocks with and without power conditioning:
a — unit without power conditioning;
b — overview of the complex structural block considering
balance (red) and off-balance (yellow) ores;
¢ — power conditioned unit

Analysis of the graphs allowed to determine
the average length of intervals between dump
truck loading, as well as fluctuations in the
length of the interval depending on the intensity
of excavator operation. The results of the inter-
vals were compiled into a protocol file, the con-
clusion of which summarizes the downtime,
number and intervals of loading. All information
is presented in text with delimiters, which makes
it easier to load into spreadsheet editors for fur-
ther data analysis.

The second direction of the analysis was to
estimate the number of simultaneously operating
excavators. Analysis of the diagram of the dura-
tion of continuous operation for each excavator
(Fig.5) allowed to establish that up to 13 exca-
vators work simultaneously at the pit, and the av-
erage number of simultaneously working exca-
vators is only seven units.

The obtained data on the operation intervals
of mining and transportation equipment can be
used as a basis for the ore flow management sys-
tem to reduce downtime by redirecting transpor-
tation equipment. This will improve the strategy
for managing the functioning of the mining and
technical system by analyzing the data on the op-
eration of mining and transportation equipment
during the mining of complex structural rock
blocks.

As a result, a resource database was cre-
ated based on the results of statistical pro-
cessing of data on the operation of the mining
and industrial enterprise over the past few
years. Thanks to the collected information it
was possible to model the processes of loading
and transportation of rock mass from complex
structural rock blocks with and without power
conditioning (Fig.6). Based on the modeling re-
sults, the volumes of ore mass were calculated
with and without power conditioning. The dif-
ference in volumes determined further allowed
us to determine the volumes of ore mass enter-
ing the overburden dumps, the values of which
amounted to 25-40 % depending on the geolog-
ical structure of the complex structural rock
blocks being mined.

The model was further verified using two
main facts — data from the beneficiation plant on
the quality of ore flows entering the plant and
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data on the quality of rock mass sent to the overburden dumps. Comparison of the data obtained in
the modeling and the data used for verification confirmed the validity of the modeling.

As a result, the modeling allowed estimating the losses of quality-conditioned and substandard
ore mass from 25 to 40 % per year, which confirms the need to improve the strategy of management
of the mining and technical system based on the analysis of data on the mining of complex structural
rock blocks.

Conclusion. The results of their integrity assessment obtained during the processing of databases
available at the enterprise confirmed the need to standardize approaches to processing, collection and
analysis of information [34]. The results of their integrity assessment obtained during the processing
of databases available at the enterprise confirmed the need to standardize approaches to processing,
collection and analysis of information. Standardized approach to the introduction of digital solutions
will allow to expand the functionality more effectively and ensure the interface of information with
related structural units in the management of mining and engineering system, which in support of the
hypothesis will contribute to a rational assessment of possible options to improve the management
strategy of the functioning of the mining and engineering system in terms of optimization of techno-
logical processes of a particular enterprise.

Comparison of the results of hole logs, which do not consider the minimum thickness of ore
layers specified by the conditions feasibility report, and the data of the block model of the enterprise,
created with account of all requirements, allowed to determine one of the types of losses: ore mass
from low thickness layers of the required grade is delivered to the dumps, but the conditioned thick-
ness of these layers is not provided in accordance with the requirements of the conditions feasibility
report.

No doubt, the feasibility report of the conditions was developed considering the practicability
and economic efficiency of the development of a certain mineral deposit, which implies regulatory
and legal complexities in revising and changing the condition requirements, as well as changing the
quality management system as a whole. Therefore, the possibility of adjusting the quality manage-
ment system of mineral and raw material flows of the enterprise by optimizing the following areas
has been determined:

» more detailed information on the structure of the blocks under preparation with the identifica-
tion of ore bodies that are currently substandard in terms of thickness through the introduction of
analytical platforms, which, based on the analysis of historical data and the search for patterns in
them, will allow for increased reliability during subsequent sampling;

« improvement of selective ore extraction technologies at the excavation stage in the face to
minimize ore dilution;

* in case it is impossible to improve selective excavation technologies, the option of introducing
cyclic-flow technology is considered to separate previously unrecoverable ore mass on the conveyor;
in this case, cyclic-flow technology will not only ensure optimization of ore mass transportation, but
will also allow timely management of ore flow quality by identifying the ore component arriving on
the conveyor from complex structural rock blocks and redirecting it to ore stockpiles rather than waste
disposal facilities.

Management strategy improvement of the mining-technical system functioning against the back-
ground of the tendency of inevitable deterioration of mining-geological and mining-technical condi-
tions of deposits development represents a highly relevant direction of optimization of subsoil de-
velopment technological processes. Ensuring stable quality indicators of mined minerals is currently
becoming an urgent problem of any mining enterprise and can be solved by analyzing the data on the
development of complex-structural blocks obtained from the rock mass, environment, technological
equipment, as well as automated systems of the mining and industrial enterprise.
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Abstract. Coal is one of the world's most important energy substances. China is rich in coal resources, accounting for
more than 90 % of all ascertained fossil energy reserves. The consumption share of coal energy reaches 56.5 % in
2021. Due to the high moisture content of low-rank coal, it is easy to cause equipment blockage in the dry sorting
process. This paper considers low-rank coal coming from Inner Mongolia (NM samples) and Yunnan (YN samples).
The weight loss performance of the samples was analyzed using thermogravimetric experiments to determine the ap-
propriate temperature for drying experiments. Thin-layer drying experiments were carried out at different temperature
conditions. The drying characteristics of low-rank coal were that the higher the drying temperature, the shorter the
drying completion time; the smaller the particle size, the shorter the drying completion time. The effective moisture
diffusion coefficient was fitted using the Arrhenius equation. The effective water diffusion coefficient of NM samples
was 5.07-10711-9.58-107"" m?%s. The effective water diffusion coefficients of the three different particle sizes
of YN samples were 1.89-1071-4.92-10"!! (~1 mm), 1.38-1071%-4.13-107'° (1-3 mm), 5.26-107'°-1.49-10~° (3-6 mm).
The activation energy of Inner Mongolia lignite was 10.97 kJ/mol (-1 mm). The activation energies of Yunnan lignite
with different particle sizes were 17.97 kJ/mol (-1 mm), 33.52 kJ/mol (1-3 mm), and 38.64 kJ/mol (3-6 mm). The
drying process was simulated using empirical and semi-empirical formulas. The optimal model for Inner Mongolia
samples was the Two-term diffusion model, and Yunnan samples were the Hii equation was used.
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Introduction. Fossil energy is the fundamental material for economic and social develop-
ment [1]. China is relatively abundant in coal resources, more than 90 % of the ascertained
reserves of all fossil energy sources. The share of low-quality coal such as lignite occupies is
about 40 % [2, 3]. The low-rank coal has characteristics of a low degree of coalification, high
moisture content, abundant oxygen-containing functional groups, and easy weathering and sponta-
neous combustion have seriously hindered the development and utilization of low-rank coal
powder [4]. The high moisture content not only limits the calorific value of the combustion of
low-rank coal but also increases the transportation cost. In addition, low-rank coal below 6 mm
is easy to cause equipment blockage in the process of dry coal preparation, which has become a
technical problem in dry coal preparation [5]. Thus, the dewatering of low-rank coal is of great
strategic importance [6].
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Yong Jin et al. [7] research found that flow criteria showed that flowability decreased with in-
creasing moisture content. The flowability and packing properties were different both above and be-
low the critical moisture content. Xian Wu et al. [8] learned through low-temperature drying experi-
ments that there is a time lag between volume shrinkage and water loss, and there are differences in
their amounts. Rongtang Liu et al. [9] found by drying experiments of Yimin lignite at different tem-
peratures that only H,O and CO; are produced at low temperatures. Combustible gases, including CO
and chemical gases, can be produced when the drying temperature exceeds 250 °C. B.A.Fu and
M.Q.Chen [10] experimentally investigated the kinetics of thin lignite layers during forced convective
drying of hot air. Experimental results show that the drying process of lignite presented a combination
of the short warm-up period, the first falling rate period and the second falling rate period. H.Zhou
et al. [11] investigated the effect of moisture content on high-pressure pulverized lignite dense-phase
pneumatic conveying. When interparticle cohesion is strong, particles suffer from severe agglomera-
tion problems, which make the resistance forces increase, leading to poor fluidization or even com-
plete de-fluidization when particles are fluidized. P.Celen et al. [12] dried Turkish lignite using su-
perheated steam and hot air at a temperature of 117 °C. The experiments showed that it took less time
to heat the lignite samples with superheated steam compared to hot air. B.A.Fuet al. [13] studied the
heat transfer in thin layers of lignite during convective drying with hot air. The effects of hot air
temperature and velocity on the temperature of the thin layer were obtained.

In the existing studies, there is a lack of research on the drying mechanism and factor evaluation
of low-rank coal below 6 mm. In this paper, the effects of temperature, particle size, organic compo-
sition and moisture content on the drying characteristics of low-rank coal will be studied, and the
influence mechanism of different factors on the drying process will be analyzed by the kinetic analysis
method. It provides data and practical guidance to solve the technical problems of low-rank coal
drying that is difficult to screen below 6 mm [14].

Methods. To solve the above technical problems, this paper will use low-grade coal from
Zhaotong, Yunnan and Shengli, Inner Mongolia, China to carry out drying experiments. We crushed
and screened low-rank coal in Yunnan, and selected samples with particle sizes of —1, 1-3, and
3-6 mm for experiments. All samples with a particle size of —Imm were selected for experiments in
Inner Mongolia low-grade coal. To understand the basic physical parameters and characteristics of
the sample, the experimental samples were subjected to industrial and elemental analysis using the
TGA701 automatic industrial analyzer produced by Deco in the United States and the Elementar
Vario MACRO cube elemental analyzer produced by Elementar in Germany.

Before the drying experiment, a thermogravimetric analysis experiment is performed on the sam-
ple to determine the appropriate drying temperature for the sample. Thermogravimetric experiments
were performed using a TG thermogravimetric (thermal) differential analyzer of NETZSCH, Ger-
many, in this study. About 12 mg of the sample was weighed at a time, loaded into an empty crucible,
and purged with air at a flow rate of 50 ml/min. The temperature rise was controlled at a rate of
10 °C/min and the absolute temperature was controlled at 800 °C.

In the isothermal thin-layer drying test a custom-made 27 x 20 x 2 cm aluminum tray was used
to hold the samples. The samples were dried using an electric blast oven of model 101A-1ET pro-
duced by Shanghai Experimental Instrument Factory Co. Measurements were performed with the aid
of an electronic balance, BSA 224S, manufactured by the Sartorius, Germany, accurate to 0.0001 g.
To reduce test errors, cover the tray with tin foil to avoid extreme temperatures that cause low-rank
coal to adhere or organic matter to corrode the tray. The sample on tin foil was placed in a tray, spread
out in a thin layer and put place in a constant temperature drying box for drying. The drying time and
the change in the quality of the sample were recorded until the sample is dried to a constant weight.
The samples were dried at a drying wind speed of 0.6 m/s. A 10 g sample was taken for each test and
dried to a constant weight. It was required to observe the change in the organic composition of the
sample before and after drying. In this paper, infrared testing will be used to identify functional groups
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of the sample [15]. The dry base moisture content and drying speed for each statistical time are cal-
culated and the drying curve is plotted [16, 17]:
* dry base moisture content

M, = nr 5
m
* drying speed
aMm ,
Codt
where m is the mass of the sample for each test, g; » is the mass of the sample when dried to constant

weight, g.

Porous media particles were mainly in the reduced drying stage during the skeletal bony thin
layer of the isothermal drying process. The kinetic energy of water molecules was provided by the
temperature gradient. The concentration gradient was the main driving force in the migration process
of water molecules. The concentration of a substance depended on the time during the diffusion.
Therefore, the drying process of low-rank coal can be described by Fick's second law [18-21]

oM,
=D
ot 4

V’M,, (1)

where M, is the water content of the test sample at time 7, g/g; D.y is the effective moisture diffusion
coefficient, m%/s.
A second-order approximation to the Fick second diffusion equation with an analytical solution
was used to process the data [22, 23]
2
n°D
InM, :ln( 8 j——eﬂ,

) I
where L is the thickness of the thin layer, into which the sample is laid flat in the tray, L = 0.002 m;
Mp 1s the mass fraction of water content, %.

The mass fraction of water content can be calculated by the following formula [24]:

— Mt_Me

=—F, 2
M- M, )

R
where My is the initial moisture content, %; M. is the water content at equilibrium, %.
M. is negligible compared to Mo. The above equation (2) can be simplified to [25, 26]:

M
M,=""%
M,
The effective moisture diffusion coefficient of porous particles is related to the material compo-
sition of the particles, moisture, and the nature of the material itself. Its relationship with temperature
obeys the Arrhenius equation [27]:

E 1
D, =D, exp(— R“ ?]

Taking the logarithm of both sides of the above equation yields [26]:

E 1
InD,=—"%—+InD,,
eff R T 0

where Do determined by the material, m?/s; E, is the apparent activation energy, J/mol; R is the molar
gas constant, J/(mol/k); T is the temperature of the drying medium, K.
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In the field of drying characteristics, researchers generally believe that drying is an unsteady
process of heat and mass transfer and heat and mass coupling, so they often use model-fitting methods
to assist the research [28]. For low-rank coal drying, most of them are currently used in the theory
and model of high reliability in the drying fields of food and materials [29, 30]. In this study, 16 clas-
sical drying models that are highly used in thin-layer drying research will be used for fitting, including
theoretical models, empirical models, semi-empirical models, etc. The correlation coefficient is used
as an evaluation index in model reliability discrimination to evaluate the fitting effect of different
models. The closer the correlation coefficient R? is to 1, the better the fitting effect [31]:

Zyiz _i(yi _Yi)2

where y; is the experimental value; Y; is the theoretically calculated value of the fitted curve, and n
represents the number of experimental values.

In this section, the 16 theoretical, empirical and semi-empirical drying models used in the fitting
simulation are shown in Table 1. Among them, the theoretical model is derived from the drying-
related theory (including the differential equation of moisture diffusion, thermal conductivity equa-
tion, etc.), while the semi-empirical model is established by combining the kinetic experimental data
with high precision, and the empirical model constructed based on the experimental data can accu-
rately describe the relationship between the moisture content of the material and the drying time dur-
ing the experiment [32].

At present, researchers have carried out a lot of research work in low-rank coal drying fitting
simulation, and the results show that the theoretical model is less applicable in low-order coal drying,
and the applicability of empirical and semi-empirical models is stronger. However, empirical or semi-
empirical models cannot theoretically analyze the mechanism of mass and heat transfer in the drying
process. Therefore, this paper prefers the theoretical model as the best-fitting model and then reveals
the drying mechanism from the basic theory.

Table 1
Drying mathematical models
Types Name Finder Model formulas
Theoretical Single diffusion Henderson and Pabis M, = aexp(—kr)
Two-term diffusion Sharaf-Eldeen M = a, exp(—kt) + a, exp(—k, 1)
Three-term diffusion Karathanos My = a, exp(—k;1) + a, exp(—k,T) + a; exp(—k;T)
Semi-empirical Lemus Lemus M, =exp(a + kt)
equation Lewis Lewis M, =exp(—kr)
Logarithmic Togrul and Pehilvan M, =aexp(—kt)+c
Page Page My = exp(—kt")
Amendments Page [ Overhults My =exp[—(kt")]
Amendments Page Il Wang My = aexp(—kt")
Hii Hii M, = a, exp(—=k;t") + a, exp(—k,t")
Approximate diffusion Yaldiz My = aexp(—kat) + (1- a)exp(—kbr)
Vema Vema My = aexp(—kt)+ (1 - a)exp(—kz‘c)
Empir'ical Chandra Chandra My=at™"
equations
Midilli Midilli My = aexp(—kt") + bt
Thompson Thompson t=alnMy+b (ln M, )2
Wang Wang My =1+at+bt?
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Results and discussion. The results in Table 2 are the physical property test results of Inner
Mongolia and Yunnan samples. The moisture content of the samples from Inner Mongolia and Yun-
nan was 41.90 and 21.61 %, respectively. In addition, the carbon content of the Inner Mongolia sam-
ple was significantly higher than that of the Yunnan sample, which had more organic elements. It
shows that the Yunnan sample has a lower degree of coalification and more organic composition.

Table 2
Industry and elemental analysis of Lignite coal in Inner Mongolia, %
Industrial analysis Elemental analysis
Sample
M Ay Vaa Au Feaa Caar Haor Ouar Naar Sar
NM 41.90 32.11 37.55 27.27 20.12 56.41 4.56 37.44 0.83 0.76
YN 21.62 11.49 26.74 7.63 32.01 40.13 3.15 57.80 1.35 1.57

Note. Mud, Ad, Vad, Aaa, and Feaq refer to the moisture, volatile, fixed carbon and ash content on a received dried basis; Haaf,
Nuaf, Odar and Saqrrefer to the element content on a dry ash-free basis.

The differential thermogravimetric curves (DTG) and thermogravimetric curves (TG) of the
samples fitted from the thermogravimetric experimental data were shown in Fig.1. TG and DTG
curves of YN and NM samples could be divided into three stages. Among them, the water loss stages
of NM samples were: 75-200 °C. The weight loss phase with the organic matter was 500-750 °C. The
weight loss stage of spontaneous combustion was after 750 °C. The moisture weight-loss stage of YN
samples was 85-220 °C. The weight loss phase with the organic matter was 450-750 °C and the
weight loss phase with spontaneous combustion was after 750 °C. This was because evaporation of
free and bound water in coal can be completed at 220 °C, most of this water evaporates at 100 °C.
With a continued increase of temperature, volatilization of the organic matter in the coal occurs at
250 °C. Even the coal itself undergoes spontaneous combustion at 750 °C [33].

As shown in Fig.2, the experimental results of NM samples showed that the drying time of NM
samples at 180 °C was 6 min; the drying time at 160 °C for 7 min; NM samples were dried at 140 °C
for 9 min; the drying time at a temperature below 140 °C is more than 10 min. This was because the
higher the temperature of the hot air, the higher the temperature of the sample, and the greater the
kinetic energy of the water molecules inside the particles, which accelerates the water diffusion pro-
cess. At the same time, the evaporation rate of water on the surface of the particles increases, which
increases the concentration gradient between the surface and the internal water of the particles, since
the liquid water migrates to the surface at a faster rate.

a b
100 k... Free water . [ 00 100 | Free water ! 0.00
/ \\\_///“\,¥-,\‘ T e — 1 Snan CUSSeeS
/ o cn o — 2 / o
0 1Y/ 500 °C 750 °C | 00 L [\/ / 710 °C 4 _0.05
| ‘ —0.1 \ vAqueouscompound / -
80 HA\f ) | £ R B T ot /[ E=!
S \ 2 | 02 E = g0} [ 1 \\J 450 °C | o.10 g
3 RS > ‘ . 010 =7
S 70 F|{\___ Organic components s g \ | Orgdnic compdqents ______. S
{ = Ll |
60 || Spontaneous 03 2 70 “ / Spontaneous A
\\ I combustion \ | combustion —0.15
50 | ‘x\" """"""""""""""""""""""""""""""" " 1-04 60 \/
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Fig.1. The thermogravimetric curves of NM (@) and YN (b) samples
1-TG;2-DTG
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Fig.2. Drying (@) and drying rate (b) curves of —1 mm NM samples at different drying temperatures

When the drying temperature exceeds 160 °C, the effect of increasing the drying temperature on the
drying effect was less than that of increasing the temperature below 160 °C. In addition, the higher the drying
temperature, the greater the maximum drying rate, and the longer time in the slow-down drying stage.

At lower temperatures, the presence of a constant speed drying period was more pronounced.
This was because the huge heat brought by high temperature makes free water evaporate quickly in
a short time, and it takes a certain amount of time to absorb heat when drying at low temperatures, so
the free water evaporation rate was in a more balanced state [34].

As shown in Fig.3, when the drying temperature is above 140 °C, the drying completion time of
YN (-1 mm) samples is about 15 min. When the drying temperature is below 140 °C, the drying
completion time of the YN (-1 mm) sample is about 20 min. When the organic composition is high,
it will reduce the overall drying efficiency of the sample. When the temperature is less than 140 °C,
the difference in the drying process of YN samples before drying is small. When the temperature
exceeds 140 °C, the gap in the drying process in the first ten minutes increases. It shows that the
organic components begin to significantly affect the drying process when the drying temperature
exceeds 140 °C.

In the drying rate curves of different temperatures of YN samples, there are only ramp-up and
slow-down stages. The increase speed phase can be thought of as a period in which the initial speed
quickly reaches the highest rate. This was because initially, there was a large temperature difference
between the sample and the dry hot air. As drying progresses, the temperature difference between the

a b C B A
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0.20 ) —*—120 °C
——100 °C (experimental) —%—140 °C
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— 160 °C (experimental)
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§ 0.101

0.05

0.00

0 1.0
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Fig.3. Drying (@) and drying rate (b) curves of -1 mm YN samples at different drying temperatures
331

This is an open access article under the CC BY 4.0 license



=3x8 Journal of Mining Institute. 2024. Vol. 266. P. 326-338
’ig“: © Cheng Wang, Dan Wang, Zengqiang Chen, Chenlong Duan, Chenyang Zhou, 2024

a 0.7 b 0.7
0.6 g Zas 0.6
=29
e 05F > [I= e 05 = 2
= g = S g A
T 04r T g 7 = R S \ = 28
2 x A S o< 2 o RERAD -
4 © @ N < = 3 S = 0
g 03r sy T [ g 03r = < o<
2] @ 7] (o)} — <>
g il g g oy
S 02f S 02f 2
e 2
0.1 2 0.1r 9
00 L 1 00 1 1
4000 3000 2000 1000 4000 3000 2000 1000
Wave number, cm™! Wave number, cm™!

Fig.4. Drying and drying rate curves of YN samples is: before («) and after (b) drying

sample temperature and the drying hot air becomes smaller and smaller, and the efficiency of heat
transfer between the hot air to the inside of the material layer and the particle gradually decreases. At
this time, the water content of the sample was also rapidly reduced due to the rapid evaporation of
free water, and the remaining water to be evaporated was considered the internal water of the sample
particles. This moisture must first be separated from the internal matter of the particles by heat and
then transported to the surface of the particles. The descending drying stage in Fig.3, b illustrates the
increase in mass transfer heat transfer resistance during the evaporation of combined water.

In the experimental results, the equilibrium moisture content difference was between 3-6 % when
dried at different temperatures for 60 min. This was because the YN sample contains higher S, N and
O elements and more organic matter, so the higher the drying temperature, the more volatilization of
the components in the YN sample, and the more mass was lost. To demonstrate this, infrared analysis
was performed on YN samples before and after drying (Fig.4).

Infrared analysis showed that the sample was rich in organic functional groups such as OH—,
—C-0—, -C-H, —S—0O—, -N=0 before drying. However, after drying, organic functional groups such
as OH—, C-0O, C-H, S—0O, N=0 are greatly reduced or even disappear. It shows that the organic com-
ponents will not only reduce the drying efficiency, but also increase the error of the experiment due
to thermal decomposition and volatilization.

The experimental results of different particle sizes show that the larger the particles, the slower
the drying process. At the same time, when the drying temperature was lower than 140 °C, the drying

b C B A
a 0.0020
0.20 k —*—100 °C
: —o— 100 °C (experimental) —*—120 °C N
—=— 120 °C (experimental) 0.0015 | “*—}4618 :g /\\

ol —4— 140 °C (experimental) *-180 °C

—*— 160 °C (experimental)

%ﬁ —&— 180 °C (experimental) < 00010 | /
§ 0.10 = /
3
0.05 F 0.0005 }
0.00 0.0000 " L ) .
0 0.0 0.2 0.4 0.6 0.8 1.0
¢, min Mr
Fig.5. Drying (@) and drying rate (b) curve of 1-3 mm YN samples at different drying temperatures
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Fig.6. Drying (@) and drying rate (b) curve of 3-6 mm YN samples at different drying temperatures

completion time of —1 mm samples was significantly smaller than that of 1-3 (Fig.5) and 3-6 mm
(Fig.6) samples, the difference in drying completion time between 1-3 and 3-6 mm samples was
small. When the drying temperature was greater than 140 °C, the drying completion time of —1 mm
samples was significantly faster than 1-3 mm, and the drying end time of 1-3 mm samples was sig-
nificantly faster than 3-6 mm. This was because the smaller the particles, the easier it was for water
molecules to absorb heat and evaporate. In the medium and low-temperature drying process, the driv-
ing force of water molecules was mainly determined by the concentration gradient, and the diffusion
mechanism plays a leading role. When the drying temperature was higher, the temperature field could
provide greater kinetic energy for water molecule migration, and the smaller the particle size, the
faster the water evaporates and spreads.

To quantify the ease of drying completion of each sample, the results of the drying experiments
were analyzed kinetically. The results of isothermal drying experiments were organized according to
equation (1). The curve of low-order coal InMr at the corresponding temperature versus time ¢ was
obtained. The parameter D,y at the corresponding temperature could be found from the slope of the
curve (Table 3).

Table 3
Effective moisture diffusion coefficient D.s at different drying temperatures, m*/s
Drying temperature, °C
Sample
100 120 140 160 180

NM -1 mm 5.07-10°1 6.19-107! 7.56-10711 8.14-107! 9.58-107

R? 0.98647 0.98741 0.99101 0.99706 0.95812
YN -1 mm 1.89-10°M 2.11-107M 2.97-1071 4.49-107M 4.92-107M

R? 0.99373 0.97746 0.96129 0.96738 0.98684
YN 1-3 mm 1.38-1071° 1.76-1071° 2.53-1071° 3.08-1071° 4.13-1071°

R? 0.99324 0.97819 0.99200 0.98756 0.99626
YN 3-6 mm 5.26-10°10 6.59-10°10 8.92-1071° 1.13-107° 1.49-107°

R? 0.96331 0.98591 0.99429 0.98304 0.98968

For the same millimeters particle size, the effective water diffusion coefficient of NM samples
was 5.07-10711-9.58-107'"! m?/s. The effective water diffusion coefficient of YN samples was small,
1.89:107'1-4.92-10"'! m?/s. Comparative analysis shows that the effective moisture diffusion coeffi-
cient increases with the increase in drying temperature. This is because, the higher the temperature,
the greater the kinetic energy of water molecules, and the stronger the power to diffuse outward. At
the same time, the larger the particle size, the greater the effective water diffusion coefficient, the
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effective water diffusion coefficient of the YN (1-3 mm) sample was 1.38:107°-4.13-107'° m?/s, and
the effective water diffusion coefficient of YN (3-6 mm) sample was 5.26-1071°-1.49-10~ m?/s. This
was because particle size was an important positive correlation parameter affecting the effective dif-
fusion coefficient of moisture in the fitted equation. In addition, in the process of diffusion of water
molecules, the larger the particle size, the more channels the water molecules diffuse to the outside
world, and the more water evaporates per unit of time. However, the effective water diffusion coef-
ficient per unit particle size will decrease, because the larger the particle size, the longer the path of
water diffusion to the outside world, which will reduce the diffusion efficiency of water to the outside.

The apparent activation energy was an important parameter of drying kinetics, reflecting the
difficulty of drying. This section analyzes the drying characteristics of low-rank coals by comparing
the apparent activation energy of low-rank coals with different moisture content and particle sizes.
The apparent activation energy was calculated by fitting the effective water diffusion coefticient, and
the apparent activation energy of each sample was shown in Table 4 in detail. The apparent activation
energy of NM was 10.97 kJ/mol, which was lower than YN's 17.97 kJ/mol. The apparent activation
energy of YN samples was positively correlated with the particle size, and the activation energy of
particles with particle sizes of 1-3 and 3-6 mm was 18.95 and 20.28 kJ/mol, respectively. From the
fitting results, it can be seen that the higher the water content of the sample, the lower the apparent
activation energy. This was because the higher the moisture content, the stronger the driving force
provided by the moisture concentration gradient, the less energy required for internal moisture to diffuse
outward, and the lower the apparent activation energy. The larger the particle size, the greater the apparent
activation energy, because the larger the particle size, the longer the path of moisture diffusion to the
outside, the more energy required to use, and the larger the particle and the more heat required for the
particle to heat up, the apparent activation energy of the sample will increase [35-39].

Table 4

Apparent activation energy values of coal samples

Sample Eq, kJ/mol T, K Size, mm Ma, %
NM 10.97 373~453 -1 41.90
YN 17.97 373~453 -1 21.36
YN 18.95 373~453 1-3 21.36
YN 20.28 373~453 3-6 21.36

The experimental data of each sample were fitted using the 16 equations in the table to obtain
the optimal drying kinematic model for each sample (Table 5). Meanwhile, the best model for each
sample was fitted for five different working conditions, and the test data for each working condition
was obtained by averaging six sets of the same tests. The best model for NM samples below —1 mm
was two diffusion models, and the best model for YN samples with different particle sizes was the
Hii equation. The parameters of the fitting results are shown in Table 5.

The experiments showed a high correlation of fitting results with the experiments: for the YN
samples the correlation R? of —1 mm at 100, 120, 140, 160, 180 °C were 0.9984, 0.9994, 0.9987,
0.9976,0.9971, respectively. The correlation R? of 1-3 mm at 100, 120, 140, 160, 180 °C were 0.9989,
0.9993, 0.9976, 0.9991, 0.9982, respectively. The correlation R* of 3-6 mm at 100, 120, 140, 160,
180 °C were 0.9989, 0.9993, 0.9976, 0.9991, 0.9982, respectively (Fig.7).

So, we could know that the two diffusion models were suitable for simulating samples with high
moisture content. Hii models were suitable for simulating samples with low moisture content.
A further step shows that the diffusion mechanism driven by concentration gradient plays a dominant
role in samples with high water content. The two-dimensional diffusion model can well predict the
isothermal thin-layer drying pattern of the high-water content samples. For samples with low water
content, the concentration gradient was also one of the driving forces, but it was not the dominant
role. Therefore, the diffusion model did not apply to samples with low water content.

334
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2024. Vol. 266. P. 326-338 [l
© Cheng Wang, Dan Wang, Zengqiang Chen, Chenlong Duan, Chenyang Zhou, 2024

Table 5
Fitting results of each sample
Samples Model Gr?:ns;ze’ Tempoecrature, R? aj a I 5 n
YN Hii -1 100 0.9984 —0.2588 0.4186 0.1236 0.1075 0.8932
120 0.9994 0.0148 0.1699 10.6822 0.0793 0.9502
140 0.9976 -1.0517 1.2452 0.6375 0.5431 0.5707
160 0.9987 —0.2042 0.4004 0.3874 0.7343 0.4558
180 0.9971 —0.1303 0.3414 0.7614 0.3398 0.6853
YN Hii 1-3 100 0.9989 —0.0061 0.1581 0.1257 0.0688 0.9843
120 0.9993 0.0078 0.1701 0.3591 0.0661 10.0437
140 0.9976 —0.1059 0.2992 0.6649 0.2652 0.7599
160 0.9991 —0.0857 0.2847 10.0299 0.3042 0.6759
180 0.9982 0.0218 0.1903 20.972 0.1006 10.0741
YN Hii 3-6 mm 100 0.9992 0.0594 0.0915 0.0949 0.0422 1.1440
120 0.9977 -3.1667 3.3309 0.3277 0.3126 0.7225
140 0.9987 —0.0971 0.2748 0.3509 0.1531 0.8548
160 0.9958 —0.1361 0.3264 0.9158 0.3228 0.6994
180 0.9989 0.2184 —0.0048 0.1398 329.05 0.8481
NM Two-term diffusion -1 100 0.9986 -5.8756 6.2918 0.1955 0.1855 -
120 0.9994 —-18.929 19.345 0.2087 0.2055 -
140 0.9976 -3.1762 30.5939 0.2474 0.2253 -
160 0.9966 —6.9891 7.4073 0.2595 0.2517 -
180 0.9994 0.3651 0.0582 0.4969 0.1226 -
| ---e-- 100 °C (experimemal) I 100 °C (experimental)
0.20 ---e-- 120 °C (experimental) 0.20 ---e-- 120 °C (experimental)
---s-- 140 °C (experimental) | K .. 140 °C (experimental)
------ 160 °C (experimental) ---+-- 160 °C (experimental)
. S 180 °C (experimental) --+-- 180 °C (experimental)
0.15 ——100 °C (fit the curves) 0.15 I\ ——100 °C (fit the curves)
\ ——120 °C (fit the curves) 2 ——120 °C (fit the curves)
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Fig.7. The fit of experimental results on samples at different drying temperatures: 3-6 mm YN samples (a);
1-3 mm YN samples (b); -1 mm YN samples (¢); —1 mm NM samples (d)
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Conclusions. In this article, thin-layer isothermal drying experiments were carried out on low-
rank coal samples such as NM and YN, and the drying process and drying rate curves were drawn
based on the data obtained by the experiments, and the effective water diffusion coefficient and ap-
parent activation energy of each sample were calculated by combining the experimental data. Finally,
the experimental data were fitted with 16 mathematical models of drying, and the best drying model
for each sample was selected. The findings of this work show that:

* Moisture content and temperature are two of the most important factors affecting the drying
process. For NM samples, when the temperature is less than 140 °C, the drying rate curve has three
stages: increasing rate, constant speed and decreasing speed drying. When the temperature is greater
than 140 °C, the drying curve has only two stages: increasing speed and decreasing speed drying. For
samples with low moisture content, three different particle sizes there are only two drying stages at
100-180 °C drying: increasing and decreasing. When the temperature exceeds 160 °C, increasing the
temperature no longer significantly improves the drying efficiency of YN samples. When the temperature
exceeds 140 °C, increasing the temperature no longer significantly improves the drying efficiency of NM
samples. In addition, the smaller the particle size, the higher the drying efficiency, and increasing the
temperature will amplify the influence of particle size on drying efficiency. Organic components also
reduce drying efficiency and volatilize at high temperatures in the later stages of drying.

* The higher the moisture content of the sample, the greater the effective water diffusion coefficient.
The larger the particle size, the greater the effective moisture coefficient and the smaller the effective
moisture coefficient per unit diameter. The higher the temperature, the greater the effective moisture dif-
fusion coefficient. At the same time, the apparent activation energy of samples with low moisture content
is higher and increases with particle size. In addition, NM samples are suitable for a double-diffusion
theoretical model, and three YN samples with different particle sizes fit the Hii equation.

* This can be known through the analysis of the influencing factors. The moisture content has
the greatest influence on the drying process. The second factor is the temperature. When the temper-
ature exceeds a certain range, the increase in temperature will not be obvious to the improvement of
drying efficiency. Then, there is the particle size. In low-rank coals below 6mm, the drying effect of
the —1 mm sample was the best. Finally, there are organic components, which not only reduce drying
efficiency but also increase mass loss when volatilized.

In the next step, this study will further reveal the drying mechanism of low-rank coal with the
help of numerical simulation methods, and analyze the mass and heat transfer mechanism of the dry-
ing process in the mesoscopic scale.
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