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The mathematical modeling of migration of the unsorbed indicator on the way of filtra-
tion flow of the first from the surface alluvial-quaternary aquifer underground waters was
completed. The imitation modeling was performed to justify the using of isotope or in-
dicator methods to obtain reliable data on aquifer parameters, in particular, the perme-
ability coefficient. Three-dimensional geofiltration model was used and the verification
of received predictive results with the results of the field observations was completed. Pro-

Shelter object. gram complex Visual MODFLOW 2011.1 was used as a tool to manage and edit model and
the model’s data, which gave a chance to improve the accuracy and performance of the
model while increasing the efficiency of mathematical modeling,

Introduction The purpose of the work was to develop a method

The permeability coefficient of aquiters is one of the
main parameters of soils, which significantly affects the ac-
curacy of forecasts of changes in radio-hydrogeological
conditions of the territory and the radiation situation in the
environment. High accuracy of forecasts is the key to the
effectiveness of management decisions on the non-pro-
liferation or minimization of groundwater radionuclides
spreading in the environment and protection of groundwa-
ter against pollution. A filtration coefficient which is equal
to 30 m/day for the entire thickness of the alluvial aquifer,
at the territory of Chornobyl NPP, was determined in 2014,
according to two pumping water from water’s intake wells,
drilled to maintain the water level in the inlet and outlet
channels [1]. However, the first unconfined aquifer consists
of sandy layers, ranging from dusty to medium sized, to
medium-sized to large ones with gravel and pebble inclu-
sions and thus possibly having varying infiltration prop-
erties. Therefore, the determination of the permeability
coefficients of individual sandy layers was proposed to be
carried out using artificial tracer (bromide ion as NaBr) or
isotope (tritium) methods with the involvement of math-
ematical modeling of migration processes.

of obtaining aquifer parameters at specific depth intervals
by verifying the results of simulation mathematical model-
ing of the propagation of indicators with field observations.

Materials and methods

The essence of the method includes:

1. Carrying out imitation mathematical modeling
of the launch and propagation of an indicator (e. g. sodi-
um bromide) or an isotope (e. g. tritium), which includes
the determination of inlet points, horizontal and vertical
trajectories and propagation velocities, and possible loca-
tions (observation wells} of fixation in an aquifer.

2. Simulation takes place for either variants of the
permeability coefficient: 30, 5, 2.1 m/day.

3. Using mathematical modeling, two clusters
of observation wells 16-1A, 16-24A, and 9-2A, 9-3A were
selected, which are located approximately in one strip
of groundwater flow. Launch of sodium bromide took
place in well 16-14, and observations of the propagation
of the indicator, according to mathematical modeling, oc-
curred in well 9-3A. Observations were also made in wells
16-2A and 9-2A.
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4. Bromide ion was used as an indicator in the form
of NaBr.

5. Verification of the predicted results of the indica-
tor distribution with the data of field observations on the
wells allowed to determine the filtration parameters
at separate intervals of the aquifer in which the migration
of the indicator occured [2, 3].

For the simulation, a three-dimensional geofiltration
model created using Visual Modflow 2011.1 was used.

Visual MODFLOW is the most complete, and us-
er-friendly, modeling environment for practical appli-
cations in three-dimensional groundwater flow and
contaminant transport simulation. This fully integrated
package combines powerful analytical tools with a logi-
cal menu structure. Easy-to-use graphical tools allow to:

quickly dimension the model domain and select units;

conveniently assign model properties and boundary
conditions;

run model simulations for flow and contaminant
transport;

calibrate the model using manual or automated tech-
niques;

optimize pumping and remediation well rates and
locations, and visualize the results using 2D or 3D
graphics.

The model input parameters and results can be visu-
alized in 2D (cross-section and plan view) or 3D at any
time during the development of the model or the display-
ing results [4].

Results

Simulation of mathematical modeling in Visual
MODFLOW 2011.1 is aimed at obtaining the prognosed
trajectory of bromide ion movement in groundwater
on slice between wells 16-1A and 9-3A. These wells are lo-
cated near the walls of the Shelter object on the first ledge
of the cascade wall. Now they are located under the Arch.

We used created earlier and supplemented with new
data three-dimensional finite-difference model of the
Chornobyl NPP and the 30 km around it.

To obtain such a model, the investigated area is di-
vided by the system of planes into elementary, intercon-
nected blocks, and all filtration hydrodynamic parame-
ters belong to the center of such a block, which is called
the computational node.

This model covers a rectangular territory approxi-
mately 8 km long and 13 km wide (fig. 1). In total, the model
consists of three layers, which are divided into 412 columns
and 301 rows. It includes data on aquifers, aquitards, per-
meability coefficients, etc.The model reproduces a three-
layer filtration region, which consists of two aquifers —
the upper unconfined and the lower confined, separated
by a weakly permeable layer in the filtration plan.

Visual MODFLOW 2011.1 makes it possible to simu-
late to simulate, among other things, the movement of in-
dicators in groundwater, which has been used.

Sodium bromide was chosen as an indicator for the ex-
periment. 16-1A and 9-3A wells, located in a single line
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Fig. 1. General view of the mathematical model of the 30 km territory adjacent to the Chornobyl NPP
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Fig. 3. The prognosed trajectory of motion of sodium bromide (NaBr),
which is injected in the model into the well 16-1A at K = 30 m/day
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Fig. 4. Profile of the prognosed trajectory of motion of sodium bromide (NaBr),

which is injected into the well 16-1A at K, = 30 m/day
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Fig. 5. The prognosed trajectory of the movement of sodium bromide (NaBr)

injected into the well 16-1A at K, = 5 m/day
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Fig. 6. The profile of the prognosed trajectory of motion of sodium bromide (NaBr),
which is injected in the model into the well 16-1A at K, = 5 m/day
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Fig. 7. The prognosed trajectory of the movement of sodium bromide (NaBr) injected into the well 16-1A at K.= 2.1 m/day
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Fig. 8. Profile of the prognosed trajectory of motion of sodium bromide (NaBr) injected into the well 16-1A at K = 2.1 m/day

of groundwater flow, were selected for modeling distribu-
tion of the bromide-ion. The simulation was performed
for three values of the permeability coefficient: 30, 5 and
2.1 m/day.

Option A. The model contains a permeability coef-
ficient of the entire thickness of the alluvial aquifer —
30 m/day. In figs. 3 and 4 the simulated trajectory of the
movement of the indicator from well 16-1A in the direc-
tion of well 9-3A is showed. The arrows indicate the di-
rection of movement, and the step between the arrows is
30 days. Taking into account the possible error in the sim-
ulation, it can be said that the indicator will reach the well
9-3A in 2-2.5 months. However, the migration of the indi-
cator occurs at the top of the aquifer, which is represented
by dusty or fine sands, permeability coefficient of which
can be much lower.

Option B. The simulation was performed at a filtra-
tion coefficient of 5 m/day. In figs. 5 and 6 it is shown that
at a filtration coefficient of 5 m/day there is an increase
in the time required for the indicator to reach the location
of well No. 9-3A. In total, this time is 7 months. There
is also a slight (0.3-0.2 m) increase in the depth of passage
of the indicator near the well 9-3A.

Option C. Since after the introduction of the indi-
cator on May 24, 2018 in well 16-1A, it was not detected
in well 9-3A for 15 months, a simulation of this situation
was carried out (figs. 7 and 8).

The simulation of results shows that the indicator will

reach the observation well in 15 months at a permeabil-
ity coefficient of 2.1 m/day. At this, increase of the depth
of the indicator passage by another (0.5-0.7 m in relation
to the conditions of option A occurs.

In our experiment, monitoring of the propaga-
tion of the indicator will continue in the future, but it
is clear that the filter coefficient in the depth range of the
aquifer 101-110 m may not be more than 2.1 m/day.
This correlates well with the permeability coefficients that
are characteristic of fine and dusty sands. Further experi-
mentation will clarify the parameters of the aquifer.

Conclusions

The prognosed results of application of a method for
determining aquifer parameters by verification of math-
ematical modeling and actual observations data on in-
dicators or isotopes are demonstrated. The final results
will be obtained after reliable fixation of the bromide ion
in the samples from the observation well 9-3A.
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Hucmumym npotnem Oesanexu AEC HAH Yxpainu,
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Meromm aHaxi3y rijporeosoTiTHMI XapaKTepPUCTHK
BOJOHOCHMX FOPM3OHTIB B OKOIHIIAX AaTOMHHUX
eNeKTPOCTAHU I 3 BUKOPUCTAHHAM iHIMKATOPIB

BukoHano MareMaTM4He MOAEIIOBAHHA Mirpauii 3
Nin3eMHMMU BOTAMM IHAMKATOPA, IO He COPOYEThCA, IO
LIAXY GUIBTPALi] I'PYHTOBMX BOJ NEPIIOrO Bif MOBEPX-
Hi a/TI0Bia/IbHO-Ye TBEPTHHHOTO BOIOHOCHOTO TOPM3OHTY.
IMiTanifiHe MOAEMIOBAHHSA BUKOHYBAIOCD 3 METOK} 00-
TPYHTYBaHHS BUKOPHCTaHHA i30TONHMX YM iHAMKATOP-
HUX METORIB A1 OTPMMAHHA AOCTOBIiPHUX JAHMX PO Ma-
paMeTpu BOOOHOCHOTO TOPU30HTY, 30KpeMa, KoedillieHTa
(pinprpanii. Byno BUKOpHCTaHO TPUBMMIPHY reodinbTpa-
LifiHy MOe/b Ta BUKOHaHO BepudHKallilo OTpMMaHUX

NPOTHO3HMX Pe3y/IbTaTiB 3 JAHMMU HATYPHUX CIIOCTe-
pexerp. Byno ukopucrano nporpamy Visual Modflow
2011.1 #AK 3acib ynpapliHHA MO0 Ta peflaryBaHHA
BAHUX, AKI MICTATBCA B HIM, IO Ja/10 3MOTY NOKPAIUTH
TOUHICTB Ta XapaKTepUCTMKN MOMEI, BIlMOBITHO, 30iMb-
HIMBIIH C(t)CKTHBHiCTb MATEMATHYHOrO MOOC/TIKBAHHA.

Knwouosi cnoea: MaTeMaTUdHe MOJeTOBaHHA, Iif3eMHI BOIOH,
MacollepeHoC iHAMKaTopa, OpoM-ioH, KoedilienT inbTpartii,
of’eKT «YKPUTTA».
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Meroap1 aHamM3a TMAPOTEONOTMICCKUX XAPAKTE PUCTHK
BOJXOHOCHDBIX TOPM3OHTOB B OKPECTHOCTAX aTOMHBIX
MEKTPOCTAHINMN C UCTIONH30BAHMEM MHTMKATOPOB

BBINOTHEHO MATEMATHYECKOE MOZIETTMPOBAHNE MU-
rpalMy ¢ HoAi3eMHBIMM BOZIaMi1 Hecop Oy pyeMOoro MHAK-
KaTopa 1O MyTH (PUABTPALIMM [PYHTOBBIX BOJ NMEPBOr0
OT TIOBEPXHOCTU a/I/IIOBMA/IPHO-4ETBEPTUUHOTO BOAO-
HOCHOTO TOPHM3OHTA. IMUTAMOHHOE MOAENMPOBAHUE
BBINIO/IHATOCH € Lebl0 000CHOBaHUA MCIIONb30BAaHM A
M30TOMHBIX MM WHAMKATOPHBIX METOMOB U HOAYYE-
HMA JOCTOBEPHBIX JJAHHBIX O IapaMeTpaX BOJOHOCHOTO
FOPM30HTA, B YACTHOCTH, KO3(pummeHTa (pUALTpaLMH.
Brina mcnonbsopaHa TpexMepHas reodyabTpalonHasn
MOMEAb M BBINONHEHA BEPUPHKALMA IMOTYYCHHBIX IPO-
THO3HBIX Pe3y/bTaTOB C JAHHBIMM HAaTypPHBIX Habmiofe-
Huit. Ucnonb3oBana nporpaMma Visual Modflow 2011.1
KaK CpefiCTBO yIIPaBAeHMA MOJIETIbIO U PelaKTUPOBaHM A
COOCPKAIMXCA B HEM JAHHBIX, YTO MO3BOTUIO YAYY-
LWMTb TOYHOCTh M XapaKTePUCTHUKN MOJEIN, COOTBET-
CTBEHHO YBEMUYUB HP(PEKTUBHOCTD MATEMATHYECKOTO
MOZIe/TMPOBAHUA.

Kniovesete crosa: MaTeMaTHUCCKOE MORETHPOBaHIE,
Hof3eMHBIe BOAHL, MaccollepeHoC HHAMKATOPd, SpOM-HOH,
ko3 puienT PUABT paryM, 00BEKT « YKPbITHE».
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