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Abstract

Purpose. To investigate pathways and concentrations of the most dangerous radionuclides entering the surface and ground-
water in terms of hydrodynamic situation re-establishment in the zone of radiation-hazardous mine field objects in the
southern wing of the Central Donbas coal industrial region for environmental assessment.

Methods. Hydrodynamics and migration parameters characterizing the stage of mine workings’ flooding — have been inves-
tigated. This phase is marked by the establishment of steady-state hydrodynamic regime with laminar groundwater filtration
and radionuclide migration from the source of pollution to the river drainage. The parameters have been estimated on the
basis of numerical modelling of geofiltration using available data from similar research and experimental studies. The re-
sulting model has been calibrated by assessing the components of the water balance within the drainage area of the territory
under research. Radionuclide migration pathways are defined by mathematical tools for mass-transfer calculation
(MODPATH) using input parameters of the geofiltration model. To determine the concentration value of radionuclides
entering the river drainage through the groundwater discharge, analytic calculations have been carried out. Facts and previ-
ous assumptions from different sources have been subjected to analytical comparison in order to outline the measures for
control and technical settlement of possible threats and their ongoing assessment.

Findings. Predictive modelling of the initial phase of hydrodynamic regime stabilization during mine working flooding has
been performed. Possible concentrations of Sr® that are expected to enter the river drainage at the stage of groundwater
level recovery to absolute marks (+120...+145 m) are calculated. It is found that the probability of Cs'®" ions migration is
very low, which can be explained by the specifics of migration mechanism. It has been demonstrated that radionuclide mi-
gration pathways differ in the form of distribution and groundwater flow directions at the final stage of mine flooding. It has
been established that the developed continuously operating hydrochemical model of the region together with the application
of actual monitoring data obtained from the underground and surface hydrosphere within the government-controlled area
could be considered a practical tool of possible environmental threats control.

Originality. The research novelty is associated with the investigation of quantitative parameters of radionuclide migration
within the abandoned coal mining areas on the basis of geofiltration modelling of current mine flooding conditions, when
groundwater level reaches the critical mark, and the level stabilization process is accompanied by water resources recovery
and water balance components transformation.

Practical implications. The proposed research technique enables to forecast environmental consequences of coal mines’
flooding in Ukraine and to assess the hydrosphere pollution not only with radionuclides but also with other chemical ele-
ments; it also creates tools for control and management of negative environmental situations.

Keywords: coal, mine, flooding, geofiltration modelling, radioactive contamination

1. Introduction

The practice of coal mines closure in Germany, Great
Britain, the USA, Poland and other countries is based on the
follow-up use of water pumping and ensuring the appropriate
technical status of the supporting (buffer) mines [1], [2],
even when the mass shutdown of mines take place.

In Ukraine, in most cases, the mine closure means almost
complete termination of any economic activity within the facili-
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ty, including termination of the drainage complex functioning,
leading to the negative environmental impacts (surface flooding
and subsidence, chemical pollution of river networks etc.).

A particularly critical situation has been forming within the
area around the Central Donbas coal industrial region where
24 of the 27 previously operating mines are being closed.

It should be recognized that the flooding of mine work-
ings is implemented almost without any reasonable measures
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as for its control. In terms of current situation — when flood-
ing process of most mines within the Central Donbas coal
industrial region is uncontrolled and complete flooding of
mine workings instead of partial flooding takes place (under
the optimization of the mine water management system), it is
required to have visual representation of the process (by
modelling) in order to predict negative environmental im-
pacts and provide measures for threat minimization.

Flooding of the mine workings of Yunkom and
Oleksandr-Zakhid mines as the high-risk objects is of partic-
ular concern. In 1979, Yunkom mine (south-eastern part of
the Central Donbas coal industrial region) was the place for
the Klivazh experiment carried out at the depth of 903 m; the
experiment aimed at creating additional fracturing of the rock
mass to degas coal layers and reduce the probability of sud-
den coal and gas bursts. It is known that after the explosion,
the Klivazh chamber could contain about 300 mEq of radio-
active contamination [3]. The dewatering complexes at the
adjacent mines Chervonyi Zhovten and Poltavska stopped
their operation in 2018 and 2014 respectively. According to
the experts [4], flooding of the mine workings of Yunkom
mine leaves open the possibility of explosive chamber destruc-
tion and further migration of maximally concentrated radioac-
tively polluted water into the groundwater flow. Currently,
there is no monitoring of radiation pollution of mine waters.

Thus, there is an urgent need to study and forecast the
hydrodynamic situation in terms of flooding of both Yunkom
and its adjacent mines including the evaluation of concentra-
tion of possible radionuclides entering the Bulavin River
water in order to identify real measures to counteract the
negative consequences of this process.

1.1. Analysis of the recent studies and publications

In Ukraine, the issues concerning the study and forecast
of the hydrogeological conditions within the mine area were
considered mainly as a part of technical solutions to substan-
tiate the “wet conservation” measures (partial flooding) at
certain mines. Those measures were based on the variant
approaches providing water-pumping regime for “buffer”
mines from among a group of mines being transferred to “wet
conservation”, and reflected mainly the technological aspects.

The two recent decades have demonstrated the formation
of the national school of modelling of geofiltration and mi-
gration processes in the hydrogeological environment of
mine fields.

The most comprehensive review of the hydrogeological
modelling methods in terms of mine flooding conditions is
represented in [5], [6]. The publication [7] covers environmental
issues dealing with the assessment of the effects of mine work-
ing flooding — subsidence and water environment pollution.

There are notable controversial ideas on possible hydro-
and geomechanical damages to the chamber shell of the
Klivazh object with further proposals as for geotechnological
strengthening of mine workings and improvement of their
sorption properties [4]. The detailed parametric analysis of
the hydro- and geomechanics and migration processes within
the affected zone of the object does not confirm that [8].

Thus, the problem concerning the object danger remains
debatable and requires significant updating of scientific and
practical approaches to its solution.

For a long time, the scientific principles of the geofiltra-
tion modelling within the mine fields have been covered in
the studies by foreign scientists. The basis of geofiltration
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modelling is analyzed in the publications [9], [10]. The
works by Polish [11] and German experts [12] deserve spe-
cial attention as the example of best implementation of tech-
nical solutions as for coal mine closure, based on the model-
ling of flooding. However, the review of publications
demonstrates that current scientific experience of forecasting
a hydrodynamic situation within the flooded coal mine work-
ings is applicable only in case of the controlled mine flood-
ing. The scope of works devoted to the study of coal mine
flooding conditions and its environmental consequences, that
consider the conditions when groundwater level recovery has
reached its critical absolute levels, is extremely limited.

1.2. Objective and tasks of the research

The objective is to identify the pathways and concentra-
tions of the entry of the most dangerous radionuclides into
the ground and surface waters under the hydrodynamics
conditions within the radiation-hazardous objects of mine
fields located in the southern wing of the Central Donbas
coal industrial region to assess the environmental risks. To
achieve the goal, the following tasks were solved:

— to specify hydrogeological parameters and to determine
the water-balance components within the zones affected by
the flooded mine workings;

—to carry out a forecast using numerical geofiltration
modelling of the parameters of final flooding stage (absolute
marks of the groundwater levels, directions of the groundwa-
ter flow, and ratio of the water-balance components);

—to define possible ways and concentrations of the entry
of radiological contamination from the Klivazh explosive
chamber (Yunkom mine) into the environment as a result of
uncontrolled flooding of mines, and to design technically
acceptable measures to control negative effects of this pro-
cess and their prevention.

2. Methods

The plots, demonstrating the analysis of time-series track-
ing of flooding within the studied mines, were analyzed
making it possible to identify the fact of formation of
groundwater discharge into rivers. The available groundwa-
ter discharge indicates the transformation of water-balance
components: renewal of drainage properties of rivers, being,
in turn, a sign of achieving the equilibrium of hydrodynamic
regime (Fig. 1). Quantitative indicators of the water balance
correspond to those established in terms of the geofiltration
regional model within the mine fields of the Central Donbas
coal industrial region [8].
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® discharge into the river network
® mine water pumping

Figure 1. Ratio of the water balance components within the effect
of mine fields: (a) outflow; (b) inflow; 1 — operational
period; 2 —flooding period
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During the current stage of the formation of water-
balance ratio within the zones affected by flooded mines, the
groundwater flow rate can be calculated for the boundaries of
the studied area according to the following equation:

Qg =86.4-My -F, 1)
where:

Qq — the groundwater flow rate per area F, m%day;

Mg — the module of the groundwater flow discharge per
1 km?, I/sec;

F — the underground catchment area, km?.

In terms of the disturbed geological conditions of mine
fields, module of the groundwater discharge (Mg) and infil-
tration recharge (W) may differ significantly from the known
empirical and experimental values. Therefore, these parame-
ters need to be clarified by simulating the numerical hydro-
dynamic calculations.

Distribution of the water-balance components as well as
hydrogeological parameters within the hydrodynamic effect
of mines being flooded was evaluated on the basis of a
geofiltration model. Spatially, the model is the 70 km?
catchment area, comprising Chervonyi Zhovten, Yunkom,
and Poltavska mine workings.

External outlines of the filtration area are represented by
the second-kind boundary conditions with zero flow loss and
the first-kind boundary conditions along the Bulavin River
contour. The limit of the second-kind boundary conditions is
along the watershed line of the catchment area of the Central
Donbas coal industrial region, which coincides with the geo-
logical axis of the Donets anticlinorium, and along the sand-
stone outcrops of the water-bearing sets of series C,"-C,%. To
simulate the flooding levels and to demonstrate the depres-
sion surfaces, modelling with the available internal bounda-
ries of the flow within the mine fields was performed in the
form of the boundary first-type conditions. Hence, hydraulic
heads refer to the absolute drainage mark of the mine levels
closest to the flooded surface. Taking into account current
hydrodynamic conditions, in terms of which almost 95% of
all mine workings were flooded, inverse and direct problem
of geofiltration was solved. Since the process of water ex-
change was modelled at the depth of weathered coal deposit
bedding (= 120 m), tectonic faults were not included into
the model scheme. One-layer scheme of the model demon-
strates the artificial aquifer medium within the weathered
Middle Carboniferous formations. Values of hydrogeologi-
cal parameters of Carboniferous aquifers, such as hydraulic
conductivity (K = 0.38 m/day), specific yields (« = 0.019),
and specific storage (u”=0.00011), are taken from the
hydrogeological studies of the rock mass of mine fields
provided by geological institutions.

A period of 120 days corresponding to the duration of
level increasing within Poltavska was specified as the refe-
rence modelling period. According to the results of prelimi-
nary analysis, that time period indicates the beginning of
surface flow recharge recovery.

To simulate the surface groundwater level, the MODFLO
software was used, based on the mathematical structure that
incorporates solutions of the filtration differential equations
by a finite-difference method, taking into account boundary
conditions within the external and internal model contours.

The pollutants migration in groundwater flow is deter-
mined by both filtration area conditions and migratory prop-
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erties of the pollutants. The mechanisms of mass transfer of
different radioactive components can differ. Thus, in case of
Sr%, the mechanism of convective transferring in a solution
prevails, i.e. with a lateral flow of artesian or nonartesian water.
And for Cs'*, which is easily absorbed by the solid phase of
the rock, the diffusion process prevails. The upward filtration
during the flooding of Yunkom mine workings, is obviously
accompanied by the penetration of radioactive components into
the radiogeochemically unsaturated rocks, even taking into
consideration the probability of explosion chamber damage.
The migratory properties of Cs¥ ions will be determined
mainly by its absorption within the rock masses. Therefore, it is
expedient to estimate the concentrations of Sr*® ions (as the
main radioactive pollutant) and the pathways of its migration
towards the Bulavin River water, forced by the groundwater
flow directions, in terms of the final stage of flooding.
Specialists of Kharkiv Institute of Physics and Technology
(2004) established the initial concentrations of strontium-90
(= 3700 Bqg/l) that groundwater could contain in case of dam-
age of the Klivazh explosive chamber. The ions migration
during the upward filtration and further lateral filtration is
accompanied by the processes of its destruction (nuclear fis-
sion). The concentration decrease of the parent substance C;
can be described by the first-order differential equation [13]:
0Cy

-4Cy,
ot 11

@)
where:

/1 — the fission parameter, days™, A1 =In 2/Ty;

T, — the half-life period, days;

t — the time of migration, days.

In terms of the known initial concentrations of the pollu-
tant and known time interval, the differential expression of
Equation (2) can be transformed into a parametric form
(Cauchy solution):

Cr=a-exp(-4-t),

where:

C1 — the value of the concentration decrease;

a —the initial substance concentration;

J1 — the fission parameter, days™;

t — the time of migration, days.

The migration of Sr® ions to the river network is forced
by the horizontal filtration, which occurrence correlates with
the beginning of the flooding regime stabilization or ap-
proaching the stationary filtration regime. The most probable
directions of Sr® jons migration are established by applying
the mathematical mass transfer apparatus (MODPATH). The
basis is the obtained and calibrated parameters of the geofiltra-
tion model and forecasted position of the groundwater levels.

When substantiating technically acceptable means of con-
trol of a possible negative scenario of radionuclide contami-
nation, the results of previous studies, factual databases re-
garding the Central Donbas coal industrial region, and long-
term experience of the article research co-author
(O.A. Ulytsky) were analyzed.

@)

3. Results and discussion

Flooding of mine workings within the reference period of
observation, characterized by the groundwater discharge
entry into the mine workings, was simulated basing on the
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proposed schematization of the research area. The reference
period was detected by the beginning of groundwater dis-
charge into the river network. It should be noted that a vari-
ant change of input parameters was applied to achieve more
realistic reproduction of the flooding levels during the speci-
fied period within the mine fields. The model demonstrated
its highest sensitivity to the value of infiltration recharge.
Increase of the groundwater recharge value from 85 to
130 mm/year made it possible to reproduce the flooding
levels being close to the observed ones. The increase in the
groundwater recharge value is stipulated by significant frac-
turing of the weathering zone. The simulated flooding sur-
face of levels distribution, based on the available geofiltra-
tion parameters, is represented in Figure 2.

Shevchenko
(Maloorlivska)

Legend:

catchment area
flooding level abs.mark. m

flooding level isoline, m

Figure 2. Scheme of the position of simulated flooding levels —
indirect model solution
Simulation errors are shown in Table 1.

Table 1. Errors of the identification of flooded mine levels within
the reference period (120 days)

Absolute mark of flooding Relative
Mine level after a 120-day period, m error, %
Real Simulated
Chervonyi Zhovten -148.60 -142.00 4.44
Yunkom —240.10 -210.00 12.53
Poltavska 43.50 48.00 10.34

A module of the groundwater flow discharge is calculated
by Equation (1), taking into account the obtained value of
groundwater flow rate; it equals 3.16 I/sec per 1 km?.

According to the simulation results, the stabilization time
is 1740 days from the beginning of mine working flooding,
and the representative absolute marks of groundwater levels
under the flooding regime range as +120...+145m. The
water-balance components ratio for the prediction period is
summarized in Table 2.

Table 2. Water-balance components ratio for the forecasted period
of 1740 days from the beginning of mine working flooding

Outflow
-37372

Inflow

37372

Water-balance components
Groundwater recharge
per area, m3/day
Inflow from the first-order
boundary (the Bulavin
River), m¥/day
Groundwater discharge
into the river, m%/day
Total, m¥/day

2718

—2368

40090 —39740
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Figure 3 represents the predicted distribution of ground-
water levels as the modelling result for the period of
1740 days from the beginning of mine working flooding.
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Legend:
catchment area

flooding level abs.mark . m groundwater table contour

Figure 3. Predicted distribution of the groundwater levels

(1740 days after the beginning of flooding)

While forecasting the radionuclides migration, it is taken
into account that the half-life of Sr®® is 28.79 years. Accor-
dingly, the fission parameter for Sr® is 0.00006.

The estimated time of concentration reduction, reflecting
the period from the measurement of concentrations in 1991
to the predicted time of hydrodynamic stabilization, is
11967 days. In 1991, the Research Institute Promtekhnolohii
carried out the testing of mine groundwater quality within the
Klivazh chamber. The testing results showed the presence of
Sr% at the amount of 0.0296 Bay/I (initial concentration, a) in
mine waters. Then, the value of Sr® concentration decrease,
calculated according to Equation (3) at the moment of hy-
drodynamic stabilization around the mine field Yunkom and
the adjacent shares of the catchment area, is 0.01443 Bq/l.

Therefore, possible concentration of Sr*, entering the
surface hydrographic network at the time, that records the
flooding levels reaching abs. marks +120...+145 m, would
be expected to show 0.01517 Ba/I.

In comparison, the volume activity of radionuclides in the
surface waters of Donbas region is estimated to be
0.0185 Bg/l on average. Low concentration values of Sr* are
observed due to both sorption properties of rock mass and
tightness of the explosive chamber. The Sr® migration direc-
tion from the source of pollution (explosion chamber) to the
river network is determined by the groundwater flow configu-
ration and direction that would be stated as of 1740 day after
the beginning of flooding. The most probable directions of
Sr¥-ions migration, defined by MODPATH mathematical tool
application (mass transport option), are illustrated in Figure 4.

The predicted time point, reflecting the beginning of the
steady-state hydrodynamic regime, is characterized by the
error range as some mines workings (Chervonyi Zhovten and
Yunkom) of the top levels have not been flooded so far. In
addition, this may be due to the significant heterogeneity and
anisotropy of the filtration properties of coal rocks that
should be taken into account by further fragmentation of the
model based on the data of monitoring observations. It is also
known that if groundwater approaches the weathering and
fracturing zones of the Middle Carboniferous rock masses (it
is usually recorded at 150 m depth within the Central Donbas
coal industrial region), one could observe the repeated acti-
vation of the earth’s surface subsidence.
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Figure 4. Directions of Sr®-ions migration under the steady-state
hydrodynamic conditions (defined as a result of model-
ling and MODPATH package application)

Taking into consideration the significant size and com-
plexity of rock displacement within the Central Donbas coal
industrial region as well as a significant depth of man-made
fracture spreading, the expected amplitude of vertical defor-
mations of the earth’s surface is more than 3-5 m. That does
not exclude the possibility of formation of additional ground-
water recharge zones, causing banked up water level. Further
groundwater level increase can interrupt significantly the
groundwater exchange process and cause flooding within the
lowlands (the Bulavin River floodplain and ravine valleys).

The geological and hydrogeological conditions within the
Central Donbas coal industrial region together with the sig-
nificant negative environmental consequences of two hun-
dred years of intensive coal mining as well as design and
practice of mining operations with extremely low percent of
costs (less than 10% of the prime coal cost) to provide the
environmental stability in the region have resulted in a com-
plex situation. In terms of that situation, it is impossible to
attract sufficient financial and technical resources for trans-
ferring the object under the authors’ study into the regime of
guaranteed safety. A number of studies propose to implement
extremely sophisticated technical measures, including high-
depth (of about 1000 m) well drilling with a set of geome-
chanical, hydrogeochemical, hydrodynamic, geophysical,
and radiation tests to refine and adjust the forecasts. In addi-
tion, the proposed measures related to geomechanical
strengthening of the “Klivazh” object and mine workings’
filling with sorption materials within the pathways of migra-
tion flows, seem to be possible but extremely problematic.

Analysis of the factors and studies mentioned during the
problem statement makes it possible to single out main
grounds for more realistic scenario of transferring the ana-
lyzed object into the controlled regime, i.e.:

— the explosive chamber covered with a glasslike shell is
in a flooded state, i.e. below the groundwater level. It was
confirmed by well drilling into the chamber cavity in 1991,

— before the flooding of Yunkom mine workings, during
the entire period the groundwater flow moved with hydrody-
namic gradients and corresponding velocity, being much
higher compared to the values typical for mine flooding
regime, i.e. change in the intensity of radionuclides migration
is corresponding;
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—the local migration model performed for the above pe-
riod did not provide any grounds to forecast the development
of a dangerous scenario of radionuclide movement;

—the elementary consideration of the hydrostatics under-
ground law together with strength properties of the rock mass
within the Klivazh object shows that the effective stresses are
expected to decrease down to 8 MPa and almost coincide
with the values of uniaxial compression strength of rocks, i.e.
there are no conditions for geomechanical destruction of the
radioactive zone.

Taking into consideration the abovementioned, the most
realistic scenario may be as follows:

1. Scaling the developed model up with the emphasis and
fragmentation of the most physically active components.

2. Defining the points of monitoring observations repre-
senting the state of the object within the controlled area (e.g.
physicochemical parameters of surface waters).

3. Calibrating the model by epignostic solutions using the
above described input data as well as its synthesis with the
geomechanical fragment models.

4. Developing hydrodynamic modules according to the
method [8], [14] in order to prevent (or to eliminate) the
environmental danger, which is expected according to the
current model forecast. Technical implementation of the
module ensures the necessary redirection of the migration
flows within the controlled areas; it also contains modular
water-treatment blocks.

4. Conclusions

The study has helped determine the features of flooding
regime of a typical group of mines within the outcropped
Central Donbas coal industrial region: Chervonyi Zhovten —
Yunkom — Poltavska. These mines are hydraulically con-
nected; though, they are characterized by different depths
and volumes of mine workings. Basing on the grapho-
analytical method of changes in flood levels over the refer-
ence time at Poltavska mine, periods of the formation of
additional groundwater flow discharge have been identified.

The numerical geofiltration modelling has allowed evalu-
ating the main values of hydrodynamic parameters and water
balance components within the study area — the catchment
area of the Bulavin River underworked by Chervonyi
Zhovten, Yunkom, and Poltavska mine fields. The performed
modelling and further model verification based on the water
balance convergence, makes it possible to claim that
groundwater level increase during the mine flooding is pro-
vided by groundwater flow-rate being about 821 m3/hour and
also by the groundwater recharge value of 130 mm/year.

The forecasted concentration of Sr*, that will enter the sur-
face hydrographic network at the moment that will record the
flooding levels at the abs. marks +120...+145m, has been
calculated. According to the preliminary calculations, it will be
0.01517 Bg/l, without the exceedance of permissible limits.

The possibility of Cs!¥-ions migration is very low since
the mechanism of Cs¥-ions migration means diffusion
within a double diffusion layer (absorption by the solid soil
phase of the soil). If the polluted waters reach the absolute
marks of +120...+145 m, pathways of the Sr®® migration
will be regulated by the shape of groundwater flow con-
tours and the direction within the territories of mine work-
ing influence.
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A realistic scenario of transferring the analyzed object in-
to the controlled regime and preventing possible hazards (in
terms of current model forecast) has been substantiated.

The scenario is based on branching and scaling-up of the
most active fragments of the filtration model and its synthe-
sis with the geomechanical model. Current forecast data will
be recorded within the controlled areas where it is possible to
manage a dangerous situation with the help of mobile tech-
nological modules.
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Ouinka pu3MKiB PO3MOBCIOIZKEHHS Pali0AKTHBHOI0 3a0pyAHEHHS
NpH 3aTOIJIEHH] rpcbKOro MacuBY BYTiTbHUX IIAXT

I. CapoBenko, O. Ynunpkuii, A. 3arpuinenko, K. boiiko

Merta. BctaHOBUTH IUIAXM 1 KOHIEHTPAIlii HAIXOKEHHS Y MiJ3eMHY Ta TIOBEPXHEBY Tigpocdepy HaWOUTBII HEOE3MEYHNX PaTiOHyKITi-
IIiB B YMOBaX BiTHOBJICHHS T'iIpOJMHAMIYHOT CHTYAaIl Y 30HI pajianiiiHo HeOe3nmeyHnX 00’ €KTiB MIAXTHUX MOJIB MiBAeHHOTO Kpria LleHTpa-
JIBHOTO paiioHy JIoHOacy JUis OLIHKH €KOJIOTIYHOTO CTaHy HABKOJIUIIHBOTO CEPEeIOBHINA.

Metoauka. /[yt JOCSATHEHHS TOCTABJIEHOI METH JAOCIIKEHI T1IPOIUHAMIYHI Ta MirpamiiiHi mapaMeTpH eTairy 3aTOIUICHHS TIpHHYHNX BH-
PpOOOK mIaxT, MO XapaKTePU3YEThCS (OPMYBAHHSAM CTAI[lOHAPHOTO TiJPOIUHAMIYHOTO PEXKHUMY 3 JTaMiHAPHOIO (DLTBTpAIlIo MiI3eMHIX BOJ i
MIrpali€eio pagioHyKIiIiB Bifl Kepea 3a0pyTHEHHS 10 piYKOBOi Mepexi. BusHaueHHs mapameTpiB 3/1iiCHIOBAIOCH HAa OCHOBI iMiTalliifHOTO
YHCEIBHOTO MOJIENIOBaHHS Te0o(iIbTpallii Ta 3 BUKOPHCTAHHSAM HASBHHUX JaHUX aHAJOTIYHUX 1 eKCIIEPHMEHTAIBHUX NOCTiKkeHb. Kamiopy-
BaHHS CTBOPEHOI MOJIeIi BAKOHYBAJIOCH NIISIXOM OLIIHKH CKJIAIOBHX BOJHOTO OalaHCy y MeKaX BOJ030IpHOI IO TEPUTOPIi JOCIiIKEHHSI.
HanpsiMke  Mirparii paJioHYKIiZiB BCTAQHOBJICHI LIIAXOM 3aCTOCYBaHHS MAaTEMaTHYHOIO amapary 3 pO3paxyHKY MacOIepeHoCy
(MODPATH) Ha ocHOBI BUKOPHCTAaHHS BXiHUX MapaMeTpiB reodiipTpamiiiHoi Monerni. BusHaueHHs BeIMYNHN KOHIEHTpAIii HaIX0MKEeHHS
PaTiOHYKIIIIIB IO PIYKOBOT MEPEXKi 13 MiJ3EMHUM CTOKOM 3JIICHIOBAIOCH HA OCHOBI aHAIITHYHOTO PO3paxyHKy. [y BH3HA4YECHHS 3ac00iB
KOHTPOJIO M TEXHIYHOTO BPETYITIOBAHHS MOJMJIMBHX 3arpo3 Ta iX IOTOYHOTO OLIHIOBAaHHS IPOBEJCHO aHANITHYHE CHIBCTaBICHHS (aKTiB i
TIOTIEPE/THIX MPOTO3HMLIH i3 PI3HUX JPKEeped.

Pe3yabTaTn. BukoHaHe NpOrHO3HE MOJENIOBaHHS IOYaTKOBOI (hasu crabimizalii TiApoAMHAMIYHOTO PEKMMY B IPOLECi 3aTOIUICHHS
maxt. Po3paxoBaHi MOXITHBI KOHIEHTpalii Sr’’, 0 HAJIXOAUTHMYTh y PiUKOBY MEPEXKy Ha €Talli BiHOBJICHHS DIiBHS MiJ3EMHHX BOJ JO
abcomoTHuX BiaMiToK (+120...+145 m). BeranosneHo, mo iMoBipHicTs Mirparii ionis Cs¥’ myxe HU3bKa, 3Ba%aloun Ha OCOOIMBOCTI Me-
xaHi3My Mirpanii. [Tokazano, o HUIIXK Mirpanii pafioOHYKITiJiB BU3HAYAIOTHCS (POPMOIO PO3NOALTY Ta CIIPSIMOBAHICTIO TEWil IiI3eMHHX
BOJI Ha KIiHIIEBOMY eTalli 3aTOIUIEHHs IaxT. Bu3HaueHo, 1m0 pealbHM iHCTPYMEHTOM KOHTPOJIIO MOXKJIMBHUX €KOJOTIYHHX 3arpo3, € CTBO-
PEHHS MOCTIHHO JiF0Y0T TiAPOXIMIYHOT MOJIENI PErioHy 3 BUKOPUCTaHHSIM (PaKTUYHHX JaHUX MOHITOPHHTY MiJ3€MHOI Ta OBEPXHEBOI Iipo-
cdepu Ha MIIKOHTPOJIBHIN YaCTHHI TEPUTOPIi.

HayxoBa HoBH3HA. [locnimKeH] KUIBKICHI MapaMeTpu IpoIecy Mirpamii pagioHyKIiIiB y HOPYIIEHOMY TipCbKOMY MacHUBi BYTUIBHHX
LIaXT Ha OCHOBI reo(iNbTpauiifHOro MOAENIOBAaHHS Cy4YaCHHX YMOB 3aTOIUICHHS TiPHUYMX BHPOOOK, KOJIH PIBEHb MiI3EMHUX BOJ JOCAT
KPUTHYHOI MO3HAYKH, a Mpolec HOro cradiiizamii CyHpOBOPKYEThCS BiJHOBICHHSIM BOIHUX PeCypciB i TpaHC(OpPMALIE CKIATOBHX
BOJHOT'0 OanaHcy.

IIpakTH4HA 3HAYMMICTh. 3aIIPONIOHOBAHA METOUKA JOCIIZXKEHHS MOXe OyTH BUKOPHCTAHA Ul MPOTHO3Y €KOJIOTIYHUX HACIIJKIB 3a-
TOIUICHHS BYTUTBHUX IIAXT YKPaiHH i3 MOKIIUBICTIO OLIHKK 3a0pyJHEHHs riipocdepy He TiTbKH paliOHyKITiaMH, aje il IHIIMMH XiMIYHUMH
€JIEMEHTaMH Ta CTBOPEHHS 3aC00IB KOHTPOJIIO Ta BPETYJIIOBAHHS HETATUBHUX €KOJIOTTYHUX CUTYALlH.

Kniouogi cnosa: samonnenns waxm, ceopinempayiiine Mooenosannsl, padiayiine 3a06pyoHeHHs
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OneHka PUCKOB PACIIPOCTPAHCHUA PAJHOAKTUBHOIO 3arPpA3HCHUSA
IPH 3aTONVICHUU TOPHOI'0 MacCUBa YroJbHBIX IIAXT

. Capgosenko, O. Yiuukuid, A. 3arpuuenko, E. boiiko

Ilesb. YCTaHOBUTH MYTH M KOHLEHTPALMH MOCTYIUICHHS B IOJA3EMHYIO M IIOBEPXHOCTHYIO ruapocepy HanbOoiee ONACHBIX pajuo-
HYKJIHMJIOB B yCJIOBUSX BOCCTAHOBJIEHHS T'MAPOANHAMUYECKON CUTYyaIlU B 30HE PAJAHOAKTUBHO OMACHBIX OOBEKTOB IIAXTHBIX MOJEH 10)KHOTO
kpsuta LleHTpansHoro paifona Jlorbacca U OLIEHKH SKOJIOTHIECKOTO COCTOSHHS OKPYKAIOUIEH CPEIIBI.

MeToauka. {751 JOCTHXEHHS TOCTABICHHON LIS MCCIIeI0BAaHbl THAPOJMHAMUYCCKHE U MUTPallMOHHBIE ITapaMeTphl TOPHOTO MacCHBa
Ha JTare 3aTOIUICHHs TOPHBIX BBIPaOOTOK IIAaXT, KOTOPBINA XapakTepu3yeTcs: (JOPMUPOBAHUEM CTAI[MOHAPHOTO THAPOIMHAMIYECKOTO PEXKHU-
Ma C JJaMHHapHOW (ribTpanueil MOA3eMHBIX BOJ M MHUTpaniell paJHoHYKIHIOB OT NCTOYHMKA 3arps3HEeHUs K pedHoi cetu. OnpeneneHne
MapaMeTpoB OCYLIECTBISUIOCh UMUTAIMOHHBIM YHCIICHHBIM MOJICIIMPOBaHHEM Mpoliecca reouIbTpaly ¢ UCTIONb30BaHUEM (PaKTHIECKHX
JAHHBIX aHAJOTHYHBIX M AKCHEPHMEHTAJBHBIX HccleqoBaHui. KannOpoBka MoJenaH BBINOJIHEHA ITyTEM OLICHKH COCTAaBIISIOLIIMX BOJHOTO
OanaHca B mpefienax BoJOCOOPHOHN IIIOIAAN TEPPUTOPHH HccleoBaHus. HanpapieHie MUTpaluy paauoHyKINAOB YCTAHOBIIEHO C HCIIOJb-
30BaHHEM MaTeMaTH4YecKOro ammapata /sl pacuera maccornepenoca (MODPATH) Ha ocHOBe BXOAHBIX MapaMeTPOB reo(UIbTPALIMOHHOMN
MoJenH. BenmdnHa KOHIEHTPAIMU paJHoOHYKINIOB, IOCTYHNAOMNX B PEYHYIO CETh C MOA3EMHBIM CTOKOM, OI€HEHa aHaTHTHYecKu. st
OTIPENENIeHHs CPEJICTB KOHTPOIISI, TEXHUIECKOTO YPEeTyIHPOBAHHS BO3MOXKHBIX PHUCKOB M MX TEKYIIErO OIEHUBAHUS IIPOBEACHO aHAIUTHYC-
CKO€ COIOCTaBJIeHHE (PaKTOB M NMPEIIOKEHNI N3 pa3HBIX HCTOYHUKOB.

Pe3yabTaThl. BrIoIHEHO IPOrHO3HOE MOJCIUPOBAHNE HAYAIBHOH (ha3bl CTaOMIM3AIMN THAPOIMHAMIIECKOTO PeXHUMa B ITporecce 3a-
TOIUIEHHUs MAXT. PaccuuTaHbl BO3MOYKHBIE KOHIEHTpauK Sr*°, MoCTyHaromie B PEYHYIO CEeTh Ha Talle BOCCTAHOBIEHUS YPOBHS MOA3EMHBIX
BOJ 10 ab6COMIOTHBIX O0TMeTOK (+120...+145 M). VcTaHOBJIEHO, YTO BEPOATHOCTh MHUTpanud HoHOB Cs'¥’ J10CTATOYHO HM3KAs, yUMTHIBas
0COOEHHOCTH MeXaHu3Ma Murpanui. IlokaszaHo, 4To MyTH MHUTpalUM PaIMOHYKIHAOB ONpEAeistoTcs (GOpMON paclpeiesieHus] U Halpas-
JIEHHOCTBIO TEUEHUH MOA3EMHBIX BOJ Ha KOHEYHOM 3Tale 3aToIUleHHs maxT. OmpeneneHo, 4To peaabHbIM MHCTPYMEHTOM KOHTPOJS BO3-
MOXHBIX 9KOJIOTHYECKHX PHCKOB, SIBISICTCS CO3MAHHE IIOCTOSHHO ACHCTBYIOUIEH I'MAPOXMMHYECKOH MOJETH PETHOHA C MCHOJB30BAaHHEM
(haKTHUECKHX JAaHHBIX MOHUTOPHHTA ITO[3¢MHOH U MOBEPXHOCTHOH rHAPOChEpHl Ha MOAKOHTPOIBEHOI TEPPUTOPHH.

Hayunas HoBu3HA. llccieoBaHb KOJIMYECTBEHHBIE TTapaMeTphl Ipoliecca MUTPaly paJHoHYKIHIOB B HApyIIEHHOM F'OpPHOM MacCHBe
YTOJNBHBIX MAXT HA OCHOBE Ie0(MIBTPAIIIOHHOT0 MOJIEIMPOBAHHS COBPEMEHHBIX YCIOBHH 3aTOIUICHNS TOPHBIX BBIPAOOTOK, KOT/Ia YPOBEHb
MOJ3EMHBIX BOJI TOCTUT KPUTHYECKOH OTMETKH, a IPOIECC ero CTaOWIM3alH{ CONMPOBOXKAACTCS BOCCTAHOBICHHEM BOJHBIX PECYpPCOB U
TpaHcdopMaleil CoCTaBIAIOMUX BOJHOTO OaaHca.

IIpakTnyeckasi 3HAYMMOCTb. [IpennokeHHass METOAMKA HCCIEI0OBAaHUM MOXET OBITh MCIIOIB30BaHA AT MPOTHO3a SKOJOTMYECKHX IT0-
CJICJICTBHI 3aTOIUICHHS YTOJbHBIX MIAXT YKPAaWHbI ¢ BOSMOXKHOCTBIO OLCHKH 3arpsA3HEHHs THAPOCOEPH! HE TOJIBKO PAAMOHYKIMAAMH, HO U
JIPYTHMH XUMHAYECKHMH 3JIEMEHTaMH, a TaKKe CO3aHMs CPEICTB KOHTPOJIS M yPEryIHPOBaHUS HETATUBHBIX YKOJIOTHIECKHIX CUTYaIHH.

Kniouegwie cnosa: yeonv, 3amonnenue, 2e0punbmpayuonioe Mooeauposanue, paouayuorHoe 3azpsasHeHue
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