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Abstract
Introduction. The article considers problems related to the need in a system of indicators assessing
mining technological conditions variation based on mining dynamics monitoring as well as its harmful
environmental impact, which is constant over an indefinite period of time. Besides, the introduction of
a block of biogeochemical indicators into the general indicative system in order to develop effective
methods of environmental rehabilitation is associated with the study of self-healing processes, which
will allow managing these processes, thereby accelerating the formation of stable and well-functioning
ecosystems.
Research aim. Base on the research, the article aims to determine approaches to geoinformation
monitoring to assess the dynamics of mining enterprises formation as integrated natural-technological
systems in order to choose a strategy for the environmentally safe development of natural deposits and
technogenic mineral formations.
Methodology. An algorithm for assessing the dynamics of mining enterprises formation as natural-
technological systems is considered as well as the main directions and tasks of geoinformation
monitoring as a tool for controlling technical risks and compensating for environmental risks during the
development of solid mineral deposits.
Results. The article considers methodological aspects of systematic assessment of natural deposits and
man-made formations development projects implementation based on geoinformation monitoring data.
Besides, the dynamics of mining enterprises formation as natural-technological systems is proposed to
be assessed based on the ideology of modeling transient processes where the object changes its
parameters from some initial (initial) to prescribed (final) by the approved design documentation.
The transition process at least involves: a transformed natural system, a technological system that
changes or affects the natural one, and a socio-economic system being a complex where the
organizational, financial and economic activities of the enterprise are implemented in management.

Key words: geoinformation monitoring; geoinformation systems (GIS); transient processes;
indicators; deformation background; environmental safety; technological risk.
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Introduction. The method of systematic data assessment and geoinformation
monitoring structure aimed at choosing the strategy for environmentally safe
development of natural deposits and technogenic mineral formations is based on
general results of previous researches [1, 2], as follows:
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— mining industry’s mineral-resource base (MRB) should be understood as the
system of mineral resources and methods of their production and processing, so
the strategy of subsoil resources exploitation at the country, region or enterprise levels
should be based on MRB primary causes study and assessment;

— the structure of the updated cadastral data has been assessed and developed,
the specifications have been substantiated for natural and technogenic facilities GIS
implementation, access hierarchy has been established, and the structure of a regional
GIS web portal has been proposed;

—the local version of GIS “Integrated exploitation of natural and technogenic resources
of the Urals” has been developed, the generalized parameters of a function prototype of
GIS user’s workplace have been substantiated. On this basis, the idea has been proposed
of creating geoinformation subsystems “Natural and subsoil safety” and “The forecast
of quality indicators of the produced raw material in the systems of ore dressing”.

Approbation of the proposed methodology for targeted search and generation
of options for the sequence of deposits mining, development and exploration, as well as
the recommended general decision-making procedure for such strategies formation,
indicate that the complex studies based on advanced or parallel assessments are the
basis for control actions reasonable development. These estimates prove the efficiency
of GIS which forms the total of predictive, design, reference, analytical, expert, and
other data to deal with various social-economic and other problems.

Analysis and discussion. Mining projects implementation goes along with
the elaboration of mining operations plans with various depth of prediction. Apart from
the capital construction program itself and basic activity, which is mineral production,
the plans establish a set of actions compensating for technical, economic, ecological and
social risks of field development accompanying the process of mining within the whole
“productive life” of a mining enterprise. The following processes are distinguished:
“steady processes” which better characterize the established production regime,
“stabilization processes” mainly aimed at coordinating the enterprise’s work with
external conditions, and “transition processes” which characterize the tactic and
strategy of the mining complex’s development when passing to the next work stage.

The basic system attribute of transition processes is their temporal development.
Another system attribute is the presence of isolated systems interacting temporally:
natural, technological and socio-economic. These systems interaction is accompanied
by resistance to mutual influence and interference, therefore it is important to control
certain indicators’ deviation from the ones established at the stage of designing projects
and mining plans, i. e. it is essential to carry out monitoring.

The strategy of waste management which uses the distributed data of regional
monitoring is also definitely crucial in field development as opposed to point data from
a particular enterprise never providing reliable results. New methods, such as remote
sensing and GIS make it possible to adequately assess all the risks of mineral
development in the region [3].

Economic risks of fields development projects implementation are the following:
lack of funds for construction, expansion, reconstruction, technical upgrade and other
investment, considerable investment into redemption of lands and transferring them
into the category of industrial lands, lack of current assets for loan repayment,
competitive opposition of one-field miners, etc.

New fields development and operation are accompanied by the elaboration of
measures on social problems regulation associated with the absence of professional
personnel to carry out mining and dressing, need to create residential accommodation
for workers, interaction with local population on various issues including lands
redemption right up to reacting to social-ecological opposition like “Stop GOK”.
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Tables 1 and 2 show the main tasks of iron-ore deposit development by underground
technique as well as the corresponding measures based on the geoinformation
monitoring and compensating for technical and ecological risks. Data from the tables
prove that the tasks of monitoring change over time according to the stages and order
of industrial development investment, from the starting point of construction to
completion of work including the post-production period.

Besides, some technical and ecological engineering tasks aimed at improving
affordability, safety and environmental friendliness of production complement each
other, consequently, geoinformation monitoring of mining production should be
integrated.

The method of mining territory geoinformation analysis based on marking out areas
(zones) by the types of “technogenic damage” and providing situational assessment of
georesources and geosystems is proposed to be considered basic when solving the
problems of systematic assessment of technogenic impact made by mining enterprises.
It is crucial to develop and substantiate the criteria for state estimation of mining
territories as natural-technological systems at various stages of their productive life.

A priority of mining complex development is not only to improve the efficiency of
mineral extraction compensating for the constantly deteriorating mining and geological
conditions of mining, but also protect the personnel and people living nearby. In this
regard, it appears relevant to form a system of indicators assessing the variation of
mine-technological conditions of mining based on monitoring mining dynamics and
harmful environmental impact which is constant over an indefinite period of time.

Large-scale mineral development inevitably breaks the stress-strain state of rock
mass due to the formation of pit space, underground permanent roadways, development
headings, and stopes in mine workings. Deterioration of mine-geological conditions
also happens due to the fact that mine workings intersect active tectonic structures; not
only rock movements develop along these intersections, but groundwater also runs
actively through them.

The main and often the only source of data on the initial and anthropogenically
induced stress-strain condition of rock mass are in-situ measurements of movement
parameters [4-6]. In this case, under rock movement, a phenomenon accompanying
mineral production, is understood the whole complex of deformation processes within
the rock mass when the initial stress-strained state is formed beyond mining impact
area and its transformation within the zone.

The main factors determining the development of the stress-strained state of the
rock mass are the following: hierarchical-blocky structure, constant mobility,
restructuring, and concentration of contemporary geodynamic displacements on the
borders of the structural blocks.

In the course of mining, redistribution of mases in the subsoil is inevitable: extraction
of minerals from the subsoil, gangue storage in damps, and washery refuse storage in
tailing storages. Geomechanical control covers shift troughs during underground
mining, while during opencasting it covers marginal rock mass, damps and tailings
dams.

Whenamining enterpriseisliquidated, dueto the abrupt change in the hydrogeological
mode, recultivation, particularly connected with goaf area filling with overburden rock
or washery refuse, the stress-strained state changes again accompanied by the
corresponding deformations which may result in engineering structures and facilities
damage [7].

When tunneling underground mine workings and stopped excavation of minerals at
large depths, it is crucial to monitor the stress-strained state of the mine workings and
the enclosing rock mass which is carried out by both direct and remote mine surveying
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and geodesy observation, and geophysical methods. Main methods of control and
acquisition of data on the state of both undisturbed rock mass and anthropogenically
induced rock mass are in fig. 1.

Instrumental record of changes in the deformational background of the territory and
the elements of engineering structures make it possible to timely take some measures
and prevent integrity violation. Control indicators in these control methods are changes
in the stress-strain state by the size and direction of action, changes in the amount of
unfilled voids, and development of weakness surfaces within the rock mass recorded by
the geophysical methods.

Rock mass structure Spectral seismic profile
study

Electrical prospecting

Virgin rock mass as
—  geomechanical
medium

Creeping movements (slow
earthquakes) along the
borders of structural blocks

Movement and
deformation study

Cyclic short-period
movements

Rock mass as a Relieving the rock mass in the

hierarchical- zone of mineral extraction,
blocky medium [ | Violation of isostatic fluid pumping, etc.

under the — equilibrium. Spacing

action of up to 25 km
tectonic stress

Overloading the rock mass in
the zone of piling and waste
storage

Deformations in the shift
trough when mining with an
underground method

Anthropogenically
induced rock mass:
solid and Development of

hydrocart?op ] Sectoqda? sttrte 58 Deformations in marginal
resources mining; strained state. rock mass when opencasting
context Spacing up to 2-5
km

Rock mass deformation when
mining hydrocarbon
resources

Violation of the rock mass local stability and
structures protection at the undermined territories.
Spacing up to first hundreds of meters

Fig. 1. Basic methods of controlling and obtaining data on the state of virgin rock mass and rock mass
which has been changed by a human
Puc. 1. OCHOBHBIC METO/IbI KOHTPOJIS M TIOJYYECHHS JAHHBIX O COCTOSHUHM HEHAPYIICHHOTO U
TEXHOTE€HHO H3MEHEHHOT'O TOPHOT0 MaccHBa

The large scale of operations on the subsoil development results in significant
increase in the cost of disturbed land recultivation. Therefore, the main task is to reduce
disturbed lands both during mineral production and in the period of ecological
rehabilitation of natural complexes [8, 9]. Techniques of methodological approach to
efficient waste management when organizing the winning complex are shown in fig. 2.
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It is known [10, 11], that the process of natural soil formation renews or continues
in landscapes disturbed by the technogenic impact, even if the impact hasn’t been
terminated. If disturbed land is out of use, natural regeneration processes rehabilitate
topsoil which fulfills all ecological functions, as early as within the first decades.

Refuse of ore production and primary processing

Effective management Ineffective management

Piling on the surface
Storage and
underground mine
workings

Stowing into opencast
mines

Applying GIS to locate the site

Assessing factors and restrictions (rock mass stability, hydrogeological risks, landscape condition, technogenic
disturbance level of territories, potential of surrounding ecosystems)

Methods and techniques of optimization when fulfilling reclamation

Modelling geological
processes when
backfilling/forming
internal dump Modelling /
stimulating the process

Noncontinuous
monitoring the

of soil formation

condition of the Modelling the varying
structure and other quality of subsoil/
elements of fixed surface water Modelling /
assets applying/
managing “growth
points” (succession)
Modelling the of biota

atmospheric massive
transfer of pollutants

Fig. 2. Techniques of optimizing reclamation with the use of GIS
Puc. 2. [IpreMbl ONTUMHU3AINY PEKYIBTHBAIMOHHBIX paboT ¢ ucrosb3oBanuem ['C

Consequently, a link in the indicative system is a block of biochemical indicators
which is characteristic of both terrestrial ecosystems degradation during active mining
and their self-rehabilitation at completion and termination of field mining. Besides, the
development of a block of biochemical indicators will make it possible to get an idea
of natural-technological systems’ stability potential when implementing the strategy of
their ecological rehabilitation.

Assessing the stability of natural-technological systems, the factor of vegetation
availability should be taken into account, as well as its structure, functioning,
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and dynamics. Today, data for landscape alternation analysis for stability assessment
can be obtained by remote methods which make it possible to get enough information
on the state of large technogenic systems at vast areas for a period of time sufficient
for the analysis (5—15 years). An example of progress made in natural regrowth is given
in fig. 3.

When fulfilling ground survey, it is reasonable to be guided by the results
of assessment of biochemical processes in anthropogenically damaged ecosystems in
mining enterprises territories as soon as naturally regrowing ecosystems represent
continuous biogeochemical process of natural purification which involves ecosystem’s
natural reserves: climate, microbiology, and landscape-geochemistry.

Low vegetation High  Low vegetation High

Fig. 3. NDVA index variation of the dump of Valuevsky iron ore deposit:
a—July 2016; b — July 2020.
Puc. 3. U3menenne nnnexca NDVA orBasia BanyeBcKoro MeCTOPOKICHUS KEJIE3HBIX Py
a — ok 2016 1.; b — urons 2020 T.

As soon as soil CO,—gas exchange is a powerful ongoing factor of soil formation,
and accepting it as a basis in biogeochemical indicators analysis it is possible to forecast
biota’s self-regeneration [12]. Based on systematic change in soil gas condition, it is
possible to forecast the base-exchange capacity and rehabilitation potential of artificial
ecosystems formed at the sites of man-made objects, especially during loading
stabilization and mining completion.

Consequently, the introduction of a block of biogeochemical indicators into the
general indicative system in order to develop effective methods of ecological
rehabilitation is associated with the study of self-rehabilitation processes; it will make
it possible to manage the indicated processes accelerating the development of stable
and well-performing ecosystems.

Summary. The dynamics of mining enterprises formation as natural-technological
systems is proposed to be assessed based on the ideology of modeling transient
processes where the object changes its parameters from some initial (initial) to
prescribed (final) by the approved design documentation. The transition process at least
involves: a transformed natural system, a technological system that changes or affects
the natural one, and a socio-economic system being a complex where the organizational,
financial and economic activities of the enterprise are implemented in management.
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O noaxogax Kk reouH(pOPMALUOHHOMY MOHUTOPHUHIY .
€ IeJIbI0 OLleHKU JMHAMHUKHU (D)OPMUPOBAHNS T'OPHBIX NPeANPHATHH
KaK MPHPOTHO-TEXHOJOTHYeCKNX CHCTEM

KopHuuakos C. B.!, Autonnnosa H. 10.1:2, Tlanxkuu A. A.l, lllyouna JI. A.!, Mcaxos C. B.2
! Uucrutyt roproro nena YpO PAH, ExkarepunGypr, Poccust.
2 VpasbCKHil ToCyIapCTBEHHBIN TOpHbIN yHuBepcuTeT, Ekarepunbypr, Poccus.

Pecgpepam

Beeoenue. B cmamve paccmampusaiomcs 60npocyl, CEA3AHHbIE C HEOOXOOUMOCMbIO (YOpMUPOSAHUs
cucmemvl UHOUKAMOPOB, OYEHUBAIOWUX UBMEHEHUEe 20PHO-MEXHON0SUYECKUX YCL08Ull pA3pAbOmMKU HA
OCHOBAHUU MOHUMOPUHSA OUHAMUKU 2OPHBIX PABOM U He2AMUBHO20 6030eliCMBUsL HA OKPYHCAIOUYIO
cpeody, KOmopoe A6IAemcs NOCMOAHHbIM HA NPOMANICEHUU HEONPEOeNeHHO ONUMENbHO20 NPOMENCYMKA
spemenu. Kpome moeo, éHedpenue 610Ka OUO2EOXUMUUECKUX UHOUKAMOPOS 8 OOWYI0 UHOUKAMUBHYIO
cucmemy ¢ yeavio paspadomxu IPDeKmusHbIX Memoo08 IKOA0SUYECKOU peabunumayuu  cesa3amno
C U3VYEHUEM NPOYecco8 CAMOBOCCMAHOBNIEHUS, YO NO360UM YNPAGISAMb OAHHLIMU NPOYECCamil, mem
CAMBIM YCKOPSA YopMUposanue CmabuibHbix, XOpouwo GYHKYUOHUPYIOWUX IKOCUCTEM.
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Ienws pabomer. Ha 0cro6anuu 8binOIHEHHbIX UCCAO08AHUT ONPEOeumsb NOOX0ObL K 2eOUHPOPMAYUOHHOMY
MOHUMOPUHZY C YENbIO OYEHKU OUHAMUKU HOPMUPOSAHUS 20PHBIX NPEONPUATIUL KAK eOUHBIX NPUPOOHO-
MEXHONO2UMECKUX CUCTeM OISl 8bIO0PA CMPAMe2UuU IKOLOSUUECKU Oe30NACHO20 0CE0CHUSL NPUPOOHBIX
MeCmOpPONCOCHUTL U MEXHOLEHHIX MUHEPATLHBIX 0OPA308aAHUIL.

Memoouka. Paccmompen anzopumm OYeHKu OUHAMUKU QHOPMUPOBAHUS 20PHBIX NPEONPUSIMUL KAK
NPUPOOHO-MEXHONOSUNECKUX — CUCIEM, OCHOBHbIE HANPAGNEHUs U  3A0auU  2e0UHPOPMAYUOHHO2O
MOHUMOPUH2A KAK UHCMPYMEHMA KOHMPOISL MEXHUYECKUX PUCKOS U KOMNCHCAYUU IKOTOSUHECKUX PUCKOS
npu ompabomre MecmopoNCOeHUti MepObIX NONE3HbIX UCKONAEMbIX.

Pesynvmamut. B cmamve paccmompervi Memodoio2uieckue Acneknibl CUCIEMHOU OYeHKU OCYUeCMELEHUs.
NPOEKMO8 0CE0CHUS. NPUPOOHBIX MECMOPONCOCHULL U MEXHOZEHHbIX O00BEKMOo8, peanuzyiomuecs Ha
OCHOBAHUU OAHHBIX 2E0UHDOPMAYUOHHO20 MOHUMOpUH2a. Kpome mozo, oyenxy ounamuru popmuposanus
20PHBIX NPEONPUAMULL KAK eOUHBIX NPUPOOHO-MEXHONOSULECKUX CUCHEM NPedlaz2aemcsi OCHO8bI6AMb HA
UOCONO2UU MOOCTUPOBAHUS NEPEXOOHBIX NPOYECCO8, 8 KOMOPLIX 0ObEKM USMEHSIeN C80U NAPAMempPbl OMm
HEKOMOPbIX UCXOOHBIX (HAUANbHBIX) 00 NPEONUCAHHBIX YMEEPHCOCHHOU NPOeKMHOU OOKyMenmayuer
(koneunvix). I[pu smom 6 nepexoOHoM npoyecce KaK MUHUMYM YYACMEYION. MpPaHchopmupyemast
NPUPOOHAsL CUCEMA, MEXHOIOSUYECKAsl CUCTNEMA, USMEHAIOWAs NPUPOOHYIO Ul 6IUSIOWAs HA Hee, U
COYUANLHO-DKOHOMUYCCKASL  CUCeMA — KOMIAEKC, HA Meppumopuu  KOMOpo20 pPeanusyemcs
OP2AHU3AYUOHHO-PUHAHCOBASL U XO3ATUCMEEHHASL QeSIMENIbHOCHb NPEONPUSLINUSL.

Knwuegvie cnoea: ceourngpopmayuonnvlii. MoHumopure, 2eourgopmayuonnvie cucmemvt (I'UC);
nepexoonvle NpoOYeccyl, UHOUKAMOPbI, O0eopMayUuoHHbIL OH, IKONIO2UUeCKas 0e30NaACHOCHb;
MEXHONOLUECKUL PUCK.

Cmamba noozomoenena 6 pamxax 2oc3adanus «Pazpadbomka memooos zeoungopmayuonnozo
MOHUMOPUH2A 20PHO-2€07102UYECKUX 00BEKMOE C OUEHKOI COCMOAHUS 20PHBIX RPEONPUMUl Kaxk
npupoono-mexunonouueckux cucmemy» (Ne AAAA-A19-119020790024-7).
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