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Modeling of Filtration and Geomigration Under Anthropogenic Impact
on Groundwater

Purpose. One of the most widespread methods of liquid waste disposal is the use of settling ponds. Wastewater
in such lagoons eventually infiltrates into the aeration zone and reaches groundwater. Thus, a chemical contamina-
tion area is formed both in the aeration zone and in groundwater. When reengineering sedimentation ponds (for ex-
ample, when increasing the height of the dam), there is an increase in the pressure in the structure, which will affect
the intensity of infiltration of wastewater from the pond into the aeration zone), it is necessary to determine the
change in the intensity of environmental pollution in advance. To solve such a forecasting problem, it is necessary to
use specialized mathematical models. The aim of the study is to develop numerical models for assessing the dynam-
ics of aeration zone pollution during the infiltration of liquid waste from a sedimentation pond. Methodology. The
Laplace equation for the head is used to solve the filtration problem. The process of mass transfer of impurities in
the aeration zone is modeled using the mass transfer equation, which takes into account the convective-dispersive
transfer of impurities. The numerical integration of the modeling equations is carried out using finite-difference
schemes. Findings. Numerical models of filtration and mass transfer are considered, which allow to estimate the
dynamics of changes in the contamination area in the aeration zone during the infiltration of liquid wastewater from
a sedimentation pond. Originality. The construction of mathematical models for analyzing the infiltration of liquid
wastewater from a sedimentation pond is considered. Numerical models take into account the convective-dispersion
process of impurity propagation in the aeration area. Practical value. The considered numerical models can be used
to assess the environmental impact of sedimentation ponds used for the accumulation of liquid waste.

Keywords: geomigration; filtration; mass transfer; sedimentation pond; mathematical modeling

Introduction

Settling ponds containing liquid waste have
a significant negative impact on the subsoil and
groundwater. This is due to the filtration of liquid
waste through the aeration zone into groundwater.
As a result, a halo of heavily contaminated
groundwater is formed in the area of influence of
the settling pond. Over time, this contamination
zone migrates and reaches water sources and sur-
face water bodies. Thus, the disposal of liquid
waste by discharging it into sedimentation ponds
requires a scientific justification for such waste
management and determination of the extent of
groundwater contamination.
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Fig. 1. Settling pond
(https://cutt.ly/8rTpoWylJ)
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Fig. 2. Groundwater contamination due
to wastewater infiltration:
1 - settling pond; 2 — filtration; 3 — ground water

The analysis of literature sources has shown
that the following methods are used to study the
processes of filtration and geomigration under the
influence of anthropogenic factors:

1. Physical experiment (Fig. 3). The purpose of
the physical experiment is to determine the hydro-
dynamic and physicochemical parameters of mi-
gration [7, 8].

Fig. 3. Preparation of equipment in the field [5]

These parameters are used to predict the hydro-
geological situation.

Field measurements are used to monitor
groundwater near large sources of pollution, but
this requires a significant number of observation
wells (Fig. 4).
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Fig. 4. Wells in the study area [8]

2. Mathematical modeling makes it possible to
quickly obtain predictive data on changes in
groundwater dynamics and the level of their pollu-
tion under various types of anthropogenic load. For
theoretical problem solving, it is used:

—empirical models based on the processing of
field observations and physical experiment results
[3;

— analytical models are computational relation-
ships that are an exact solution to the filtration or
mass transfer equations [3];

—numerical models are built by applying vari-
ous approximate (numerical) methods for solving
boundary value problems of filtration and geomi-
gration [1, 2, 4-12]. A significant number of nu-
merical models are implemented in the form of
commercial software products (e.g., MODFLOW,
COMSOL [6, 10, 11]).
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Fig. 5. Groundwater contamination area modeled
using COMSOL code [12]

The use of numerical modeling to solve geomi-
gration problems is a major trend in solving ge-
omigration problems.

Purpose

The aim of the article is to develop fast numeri-
cal models for analyzing the dynamics of ground-
water contamination during the infiltration of con-
taminated water from a sedimentation pond into an
aquifer.

Methodology

The paper deals with the problem of
wastewater filtration from a settling pond through
an aeration zone. It is assumed that a stable hy-
draulic connection has been established between
the water in the pond and groundwater.

To solve the problem of wastewater filtration
through the aeration zone, the following filtration
equation is used:
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where H is the hydraulic head.
The components of the groundwater flow rate
are determined on the basis of Darcy's law:

o*H  0°H
+
o’x  d%y

where k is the filtration coefficient.
At t = 0 the groundwater level in the study area
and the water level in the settling pond are set.

The boundary condition aa—:':o is implement-

ed on the sides of the computational domain,
where n is a unit vector of the external normal to
the boundary.

To build a numerical model of the process, the
filtration equation (1) is used:

2 2
H_OH oH @
ot 8°x %y
where t — a fictitious time.

The two-stage difference splitting scheme for
(2) is written as follows (conditional approxima-
tion scheme):

1
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At each stage, the value of the velocity poten-
tial is determined by an explicit formula.

Also, for the numerical integration of equation
(20), another splitting scheme is used. At the first
stage, the geometric splitting of equation (2) is per-
formed:

OH _0°H oH _o°H
ot ket oy

Next, the following dependence is used to de-
termine the unknown value of the head based on
the first equation from this system:

“HD, +a tHin+1,j —H, +At_H +Hn—11
AX? AX?

To determine the unknown value of the head based

on the second equation, the following relationship

is used:
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The values of the components of the filtration
flow velocity vector are calculated as follows:

Hy —Hiy, Hy —Hi;

The calculation based on the considered de-
pendencies ends when the condition is fulfilled:

‘H n+l

'J

where € —a small number; n — an iteration number.

The values of the components of the filtration
flow velocity vector are used to solve the problem
of mass transfer of an impurity from the pond to
groundwater. The following equation is used to
model the mass transfer process:

oC ouC ovC
—t—t—t
ot ox oy

0 oC 0 oC
S O T

where C — impurity concentration; uyx, py — disper-
sion coefficients; n — porosity; u, v — components
of the filtration flow velocity vector; t — time.
Boundary conditions for equation (4):
1) at the entrance to the computational domain:

C=Cin),

where Cny — known concentration of the impurity,
i.e., the concentration of the impurity in the settling
pond;

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/338077

© 0. O. Medvedieva, S. V. Dziuba, O. L. Tiutkin
P. B. Mashykhina, O. V. Berlov, 2025

23


http://creativecommons.org/licenses/by/4.0/

EKOJIOI'A TA IIPOMUCJIOBA BE3IIEKA

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)
Hayxka ta nporpec Tpancnopty, 2025, Ne 3 (111)

2) at the outlet of the calculation area:
C(i+1, j)=C(i, )),

where C(i+1, j) is the concentration of the impurity
in the last computational cell; C(i, j) is the concen-
tration of the impurity in the previous computa-
tional cell.

3) on the sides of the computational domain:

c_
on
where n — the unit normal to the solid surface.

For equation (4), the initial condition is set: at
t=0 C=C), C — impurity concentration in the
pond.

To numerically solve equation (4), the follow-
ing splitting is performed:

oC ouC ovC
—t—t—-=
ot ox oy

© 2, X2
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The following dependencies are used for the
numerical integration of equation (5):

0,

0. (5)
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The variable-triangular splitting scheme for
equation (5) is written as follows:

— first step:
Ci‘fj—C{jj + ~k 1+ ~k_Q-
A—t+LXC +LyC =O, (7)
— second step:
crMl_ck
—"JM i ML, CM™ =0 (8)

The unknown value of C in each equation is de-
termined by the «running calculationy formula.

For the numerical integration of (6), we use the
total approximation scheme:
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were it is assumed that At = E.
n

The unknown value of the impurity concentra-
tion is determined from these dependencies by an
explicit formula.

Another splitting scheme is also used for the
numerical integration of equation (4):

— first step (k = 1/4):

Ci?+k —Cn 1

I]+

e E(|_;ck +1;C") =

1 + - + - .
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—second step (k = n+1/2; ¢ = n+1/4):
Ci-Ci 1

Ao ck+Lch=
=%(M;Xck+|\/|;xc°+|v|;yck+|v|;yc°);
— third step (k = n+3/4; ¢ = n+1/2):
ck-ct 1
S ock+ L=
At 2( X ©)

1 - ~c + - + cy-
:Z(MXXC +M;,C* + M CF+ M CY);

— fourth step (k = n+1; ¢ = n+3/4):
Ci-Ci 1

]

+=(LCck+LC =

1 - + - +
:Z(MXXCK +M;C*+M_ C®+M; CY).

At each splitting step, the unknown value of the
impurity concentration is determined using an ex-
plicit formula.

Findings

The considered numerical models were used to
simulate the infiltration of wastewater from the
pond. It is assumed that the wastewater contains
chlorides, the concentration of which in the pond is
Co=1 (in a dimensionless form). The calculation
was performed with the following data:

1. The head at the beginning of the calculation
area h = 0.2 (in dimensionless form).

4. The head at the end of the calculation area
h = 0.02 (in dimensionless form).

3. The filtration coefficient in the aeration zone
is 2 m/day.

4. Porosity 0.2.

5. Background concentration of impurities in
the aeration zone C = 0.

6. Length of the computational domain Lx=1
(dimensionless value)

7. Width of the computational domain Ly=0.5
(dimensionless value)

The following figures show the dynamics of the
development of pollution areas in the aeration area
for different moments of time. The concentration
and time values are given in a dimensionless form.

(&%)

Fig. 6. Contamination area in the aeration zone, t = 0.03:
1-C=012;2-C=0.23;3-C=0.34

Fig. 7. Area of contamination in the aeration zone,
t=0.05:
1-C=0.14;,2-C=0.24,3-C=0.35
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Fig. 8. Pollution area in the aeration zone, t = 0.09:
1-C=0.13;2-C=0.23;3-C=0.34
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The analysis of the data shown in Figs. 4-6
shows that the contamination area significantly
increases in width, which is due to the dispersion
process. The contamination area looks like
a «tongue».

Thus, the considered numerical model makes it
possible to determine the size, shape, and intensity
of the contamination areas in the aeration zone.

Originality and practical value

Numerical models of infiltration of wastewater
from a sedimentation pond through the aeration
zone into the groundwater flow are considered.
The models are based on the use of the splitting
method for the filtration and mass transfer equa-
tions. The calculation of unknown parameters is
based on explicit difference dependencies, which

makes it possible to implement numerical models
in a simple programmatic manner.

The considered numerical models can be used
for rapid assessment of the impact of wastewater
settling ponds on groundwater pollution.

Conclusions

1. The development of a numerical model for
solving the problem of filtration of wastewater
from a sedimentation pond is considered.

2. The development of numerical models for
calculating the process of mass transfer of impuri-
ties in the filtration flow is considered.

3. The results of a computational experiment to
determine the dynamics of groundwater pollution
during the infiltration of wastewater from a sedi-
mentation pond are presented.
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MogaenwBanHas QigbTpaiii Ta reomirpanii Ipyu TeXHOT€HHOMY BILTHBI
HA IPYHTOBI BOAU

Mera. OHUM 3 IIMPOKO PO3MOBCIOKEHUX METOJIB YTHII3allii PITUHHUX BIAXOAIB € BUKOPUCTAHHS CTaBKiB-
BizcTiitHukiB. CTi4HI BOJM B TaKMX BiJCTIHHMKAX 3 4acOM 1H(IIBTPYIOTECS B 30HY aepallii Ta J0CATal0Th IPYHTOBUX
BoJl. Takum 4rHOM, POPMYETHCS 00JIaCTh XIMIYHOTO 3a0pyIHEHHS K B 30H1 aepalii, Tak i B IpyHTOBHX Bojax. [Ipu
PEIHKHMHIPUHTY CTaBKiB-BIACTIHHUKIB (HANPHUKIA, IPH HAPOLTYBaHHI BUCOTH J1aMOM) Ma€ Micle 301JIbILIEeHHS HAIlO-
Py B cIOpyAi, IO BIUIMHE HA IHTEHCUBHICTH 1H(UIbTpalii CTOKIB 31 cTaBKa B 30HY aepalii) HoTpiOHO 3a3aaieriasb
BHU3HAYATH 3MiHY IHTEHCUBHOCTI 3a0pyIHEHHS MOBKULIA. J[JIsI pillIeHHs TaKol MPOTHO3HOI 3a7adi HEOOXiTHIM € BH-
KOPHCTaHHS CIELiali30BaHNX MaTeMaTHYHUX Mojelieid. MeToro poOoTH € po3poOKa YHCETbHUX MOACNEH I OLli-
HIOBaHHS AWHAMIKW 3a0pyIHEHHS 30HH aepamii mpu iHQUIbTpamii piqMHHAX BIAXOIIB 31 CTaBKa-BiACTiHHHUKA.
Mertoaunka. /s pimeHHs 3axavi QimbTparmii BHKOPUCTOBYEThCS piBHAHHA Jlammaca g Hamopy. Ipomec macome-
PEHOCY IOMIIIKH B 30HI aepamii MOJIEIIOETECS 3 BUKOPUCTAHHAM PIiBHSIHHS MAcOIIEPEHOCY, 10 BPAXOBYE KOHBEKTH-
BHO-JMCIIEPCIHHUN TepeHoc AOMIlkd. YucenbHe iHTErpyBaHHS MOACTIOIYNX PIBHAHD 3IIHCHIOETHCS 3a JOIIOMO-
TOI0 KIiHICBO-PI3HUIIEBUX cXeM. Pe3yabrarn. Po3misHyTo uymcenabHi Momei (iabTpallii Ta MacomepeHocy, o J10-
3BOJISIIOTH OLIIHIOBATH JMHAMIKy 3MiHM 00JacTi 3a0pyqHEHHs B 30HI aepauii npu iHQIABTpanii piiMHHUX CTOKIB 3i
craBKa-BijcTiliHiKa. HaykoBa HOBU3HA. Po3riissHyTO NOOY/I0BY MaTeMaTHYHUX MOJeJIel Juisl aHautizy iH(QUIbTparii
PIAMHHUX CTOKIB 31 cTaBKa-BiACTiHHMKA. YncenbHI MOJeNli BPaxOBYIOTh KOHBEKTUBHO-IUCHEPCIHHUN MpOIec Mo-
LIMPEHHS JOMIIIKK B obinacti aepauii. [IpakTuyna 3HaunMicThb. PO3risiHyTI uMceIbHI MO MOKYTh OyTH BHKO-
pHUCTaHi IS OLiHIOBAHHS BIUTUBY Ha JOBKIJUIS CTaBKIiB-BiACTIHHUKIB, [0 BUKOPUCTOBYIOTHCS ISl HAKOTIMIYBAHHS
PIAMHHUX BiAXOIIB.

Krouosi crosa: reomirpartist; GpirbTpariist; MacorepeHoc; CTaBOK-BIICTIHHUK, MaTEMaTHIHE MOJICITIOBAHHS
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