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Abstract

Purpose. The research aims to create a mathematical model of salt contamination spreading through underground aquifers
in the event of depressurization of the hydrocarbon production well crater for further assessment of environmental and eco-
nomic damage from these processes.

Methods. To predict the environmental and economic damage from salt contamination, the distribution of concentrations
of harmful substances was investigated, taking into account the number of supply sources and their intensity over time, based
on situ studies at the Rybalske Qil Field, Okhtyrskyi District of Sumska Oblast in Ukraine, where there were technological
failures wells, accompanied by open fountains with the release of large amounts of highly mineralized water and the formation
of craters. Mathematical modelling methods were used to process the data from the study of accidental technogenic pollution
of underground aquifers.

Findings. Based on real data from the study of the processes of potential salt contamination spread in fresh aquifers as a
result of accidents at hydrocarbon production facilities, a mathematical model of salt contamination spreading in drinking
groundwater in the event of depressurization of an oil field well crater has been developed. Potential economic losses in case of
possible groundwater contamination with highly mineralized solution, which can into drinking groundwater aquifers, are sub-
stantiated. It has been established that in connection with the occurrence of an emergency situation due to the release of for-
mation water to the surface in the territory of oil and gas fields, the formation of technogenic meromictic reservoirs is possible,
which is confirmed by the example of the Rybalske Oil Field. It is proved that the total mineralization of crater water increases
linearly with depth of the reservoir occurrence, and a similar dependence is characteristic of the chloride ion content.

Originality. For the first time, a multicomponent mathematical model of mineral salt migration processes in underground
freshwater aquifers in the case of depressurization of a meromictic reservoir has been developed.

Practical implications. The research results obtained using numerical methods make it possible to predict the processes of
spreading harmful substances in drinking underground aquifers as a result of emergencies at oil and gas fields, taking into
account the number of sources of pollutants penetrating the study area, the heterogeneity of properties of the environment into
which the harmful substance enters, and to assess the dynamics of changes in the concentration of these substances and time
with further assessment of environmental and economic damage from these processes.
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1. Introduction

Despite the intensive development of alternative energy
sources [1], hydrocarbons continue to occupy an important
place in the overall balance of energy resources [2]. The need

It should be noted that at all stages of geological exploration
drilling, operational drilling, development of deposits and
extraction of hydrocarbons, transportation, processing and
storage of petroleum products, a harmful trace of production

for energy resources is constantly growing both in Ukraine [3],
and the whole world [4]. Solving the problem of energy
security [5] requires a systemic approach. To do this, it is
necessary to increase the yield from layers of existing oil and
gas fields, to search for and develop new promising fields,
and this, in turn, requires an increase in the volume of con-
struction of geological exploration and exploitation wells [6].
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occurs, which affects climate change [7]. Application of
environmentally safe drilling and mining technologies, rec-
lamation of disturbed lands after completion of work, utiliza-
tion and processing of drilling waste [8]-[10], environmental
monitoring at all stages of the life cycle of the well will allow
minimizing such a harmful footprint [11], [12].

The rate of consumption of natural resources and mining of
minerals in the world is quite high. Identification and assess-
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ment by the degree of impact on environmental components of
the main potential environmental consequences of oil and gas
field exploitation in accordance with technological processes
and impact media is insufficiently studied problem today [13].

Although the leading countries of the world have chosen
the strategy of replacing traditional energy resources with
alternative and renewable energy sources, the potential of
which (“unconventional” energy resources or renewable
energy resources) is many times greater than the volume of
world energy consumption, the study of the environmental
consequences of long-term, the of the ecological situation
development at the fields as a result of accidents is an urgent
task today [14], [15].

The oil and gas industry in Ukraine is important for the
activities of both households and a society, and it shapes the
energy security of a state. At the same time it ranks the first
in the negative impact on the environment and affects all its
components such as subsoil, soil, atmospheric air, surface
and groundwater, and it leads to disturbance in the biological
balance of geosystem [16].

As a result, the social tension arises in the society; other
industries and agriculture are adversely affected; the
economic damage appears along with the environmental
deprivation. Exploitation of oil and gas fields is associated
with a number of risks, one of which is the disturbance of
well integrityand the uncontrolled release of formation wa-
ters to the surface [17], [18]. This process poses a serious
environmental threat due to environmental pollution and
risks to human health [19], [20].

There is a whole series of subjective and objective rea-
sons that can become factors of the release of formation
waters to the surface of oil and gas fields. In order to achieve
the maximum mechanical speed of drilling, operators can
apply forced drilling modes and make mistakes when com-
piling the layout of the drill string lower part [21], [22].
Being forced to save money on equipment rental, drilling
customers often ignore the use of telemetry and anti-
vibration equipment [23], [24]. All this can lead to emergen-
cy situations, in particular, depressurization of the well and
release of formation waters to the surface [25]. The probabi-
lity of damage to the oil and gas well integrity is significantly
influenced by the correct centering of the casing string,
which can be considered a preventive measure to guarantee
the long-term well integrity [26], [27]. A centered casing
allows for high-quality cementing of the annular space and
reliable formation isolation, while ensuring uniform distribu-
tion of stresses from formation pressure and minimizing the
risk of column collapse [28], [29]. Errors in the perforation of
the well, for example, getting into watered intervals, can lead
to excessive inflow of formation waters [30]-[32]. Aging and
degradation of the pipe column material [33], failure of
threaded connections and corrosion of casing strings can also
cause failure of reservoir isolation [34], [35]. Here, special
attention should be paid to the features of the deformation
behavior of pipe steels during long-term operation in corro-
sive environments [36], [37], as well as the formation of mi-
crocracks and structural changes in the metal of threaded
joints [38], [39]. It should also be noted that, under certain
geological conditions, formation waters can be under signifi-
cant reservoir pressure, and when the pressure decreases dur-
ing the production process, they can break out to the surface.
Watering of macro-heterogeneous gas reservoirs and opening
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of gas condensate formations in conditions of geological un-
certainty can significantly increase the probability of breaking
the isolation of productive horizons [40], [41]. In addition,
faults and fissures in rocks, natural seismic activity can create
ways for formation water to reach the surface [42], [43].

A few years ago, the technological accidents in the wells
No.5 and No.111 occurred at the Rybalske Oil Field,
Okhtyrskyi District of Sumska Oblast in Ukraine, which were
accompanied by open fountains with the removal of a large
amount of highly mineralized waters and the formation of
craters. However, a considerable amount of the formation water
was concentrated in the well crater No. 5. In the case of depres-
surization of the well crater No. 5 at the Rybalske Oil Field,
highly mineralized water can reach the underground aquifers.

The purpose of this research is to mathematically model
the spread of salt contamination in underground aquifers due
to anthropogenic activity. The case of depressurization of the
crater of a well used for mining is considered, with subse-
quent assessment of environmental and economic losses
from the emergency situation.

2. Methods

Systems analysis was applied during the planning and exe-
cution of experimental studies. Standard methods of deter-
mining the physical-chemical composition of surface, under-
ground, formation waters, the content of macroinones of salts
and petroleum products in the soil were used, namely: chro-
matographic analysis, potentiometric titration, flame photo-
metric spectral analysis, gravimetric analysis, electrometry,
infrared photometric analysis. Processing of the obtained
results of experimental studies was carried out by means of
pairwise and multivariate correlation-regression analysis.

The surveys of surface and groundwater at the field were
conducted by the Northeast Scientific Centre “Intellect-
Service” [44], [45] and subsequently supplemented by the
Scientific Research and Design Institute of PJSC “Ukrnafta”
and other research organizations [46], [47]. Based on the
results of the research, the ecological state of the under-
ground aquifers of the Rybalske Field has been determined.

The research results of physical-chemical properties of
water in the well crater No. 6 of the Kehychivske Gas Con-
densate Field are presented in the paper [48]. The investiga-
tions have shown that the mineralization of water on the
surface and at the bottom of the crater is 10 times different.
In addition, the groundwater was surveyed from observation
wells and mine wells in the crater area. According to the
research results, it has been found that there is no impact of
the crater on the groundwater of the surrounding territories.

The environmental pollution caused by the operation of
oil and gas complexes can be considered from the economic
point of view as a loss defined in value terms [49]-[51]. The
environmental and economic losses allow for an economic
assessment of environmental losses as a result of environ-
mental pollution in monetary terms, caused by the activities
of oil and gas complexes [52]. Two types of losses are
taken into account. Firstly, the direct losses of natural
resources and the losses caused by the deterioration of the
environment quality, which are manifested in health deteri-
oration and reduction in life expectancy of the population.
Secondly, costs in value terms that are incurred to eliminate
the harmful effects [53].
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In Ukraine, the amount of economic losses caused by con-
tamination of surface water bodies by petroleum products as a
result of oil and gas well activities was determined in accor-
dance with the “Methodology for Calculating the Reimburse-
ment of Losses Caused to the State as a Result of Violation
of the Legislation on the Protection and Rational Usage of
Water Resources” [54]. The amount of damage is calculated
in two stages. The total mass of oil discharged into the water
body (Mn) was determined by the following Formula (1):

e, (1)

where:

M, — the mass of oil film, t;

¢ — the oil fraction dissolved and emulsified in water (for
water bodies ¢ = 0.15).

The mass of the oil film (M;) was determined by the fol-
lowing Formula (2):

Mp =M pp-S-107°, 2

where:

M, — the mass of oil film, t;

Mpm — the oil specific gravity per 1 m? of water surface,
g/m? (determined according to the Appendix 1 of [54]).

The reimbursement of losses caused to the water bodies as a
result of contamination of the substance in the pure state in the
composition of products or raw materials (in this case, petrole-
um products) was calculated by the following Formula (3):

(Miz-7i)-(Miz- 72 )+

, 3
---+(Mim'7/im)

Z=Ke Keat - Kp-Kz-

where:

K. — the coefficient that takes into account the increase in
damage to the aquatic ecosystem by unauthorized or emer-
gency discharge (K¢ = 1.5);

Keat — the coefficient that takes into account the category
of water body, determined in accordance with the Appen-
dix 2 of “Methodology...” [54];

K, — the regional coefficient of scarcity of surface water
resources, determined in accordance with the Appendix 3 of
“Methodology...” [54];

k; — the affection coefficient of aquatic ecosystem (k; = 1.5);

m — the amount of pollutants in the return water;

M; — the mass of the excess discharge of the i-conta-
minant into a water body with the return water, t;

y; — the specific economic loss from the water contamina-
tion in the current year (USD/t).

As can be seen, the calculation of losses involves a pre-
liminary calculation of oil mass released into water bodies
as a result of oil and gas field exploitation. Since there is no
primary data on the exact amount of oil, the oil mass is
calculated using the Delphi method (expert evaluation
method) based on laboratory and instrumental control re-
sults. The basis for the calculation of oil mass using the
Delphi method is a visual assessment of oil film thickness
according to its external features.

As for the discharge of harmful substances into the aqua-
tic environment, they are also considerable, since the oil and
gas industry uses water in large quantities. Water is neces-
sary for both basic water-consuming technological processes
and for auxiliary and household needs. Qil-field waters are
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highly mineralized by nature and contain a high concentra-
tion of heavy metals. As a result, salt contamination of un-
derground aquifers may occur [55].

To predict the ecological and economic losses caused by
salt contamination, it is first necessary to investigate the
processes of spreading harmful substances, taking into ac-
count the number of inflow sources in the study area and
their intensity over time [56].

3. Results and discussion

The diffusion process models are used to describe the
process of salt contamination spreading in the aquifer. The
occurrence of the first one from the aquifer surface was
found at a depth of 0.5-7.8 m with the crater depth of 9 m.

To study the diffusion of harmful substances, the models
of diffusion processes are constructed and the diffusion equa-
tion is used, which in an arbitrary coordinate system is writ-
ten in the following form:

0 . . .
— 4)=(V,Dvc(r,t f(r,t), 4
“c(R)=(v.DVe(r.0)+ 1 (1) @
where:

V —the covariant differentiation operator which in

an arbitrary curvilinear coordinate system is written in the
following form:

k

3 .
vw @ﬂn+zwuﬁ, (5)
on'  j=1
where:
wk — the contravariant component of the vector;
I'¥;—the Christoffel symbols of the second kind which for an

arbitrary curvilinear coordinate system are defined by Formula:

13 00is 00 OFii

]—iljg =3 gl JiS L %is Jsl 7 6)
251 on' on! on

where:

gij— the components of the metric tensor of an arbitrary
coordinate system (1%, #2, #°);

I —the radius vector of the point of the study area;

V, DVc (1 ;t)—the operator of the dot product of the
corresponding vectors;

f(r;t) —the function that describes the sources of harm-
ful substances in the area and their intensity;

D = D(r;c;t) —diffusion coefficient at point I and time t.

It should be noted that the Dependences (5) and (6) differ
depending on the coordinate system: e.g., in a rectilinear
Cartesian coordinate system, Dependence (5) means finding
an ordinary partial derivative, and 7%;= 0 in (6).

For a known cylindrical coordinate system:

. 2.
O11 =933 =1gp =17;
22_1

1 ™
I"2 .

g =9% =19

The calculations (5) and (6) are performed on the basis of
(7). The choice of the model of diffusion processes is condi-
tioned by the fact that when using different types of filtration
processes it is necessary to set the pressure gradient in the
area, which is very difficult to determine in the conditions of
real areas and the objects under the study.
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Without violating the generalization of the model, in or-
der to simplify the computational schemes and algorithms,
we consider the diffusion processes in Cartesian rectangular
coordinate system (it is considered that any area in which the
process is studied can be placed in a rectangular region
V ={(x; y); 0<xLi; 0<yLs}). In this case, the Equation (4)
can be written as:

o 0 o \oc 0 oc
Ezg(a(x,y,t)&j ay[ (xyt)ayJ (8)

where:

¢ —the substance concentration at the point (x; y) at the
time t;

a (x, y, t) —the diffusion coefficient at each point of the
study area V.

In this case, the harmful substance enters the area across
its boundary, therefore, f(x, y, t)=0, and the sources of
harmful substances are described in the boundary conditions.
Assuming that a (x, y, t) = const = a?, then the Equation (8) is
written in the following form:

2 2
@:aZ QJFQ ) 9)
It is considered that at the initial time the salt concentra-
tion in the fresh aquifer is given by:
(X ¥.t)|t=0 =Co (X Y). (10)

The salt concentration on the boundary of the study area
is given by the ratios:

¢x=0 =C1(¥.1);
|yt =C2(¥:1);
c|y:0 =c3(xt);
c‘y:,_2 =c4(X.1).

For the Equations (8) and (9) with the initial (10) and the
boundary Conditions (11), there are analytical solutions
based on the fundamental results [57]. In particular, for the
Equation (8), provided that a (x, y, t) = const = a® with the
initial Conditions (10) by the Fourier method, we obtain for
the rectangle (0; L1) x (0; L2):

2 2

—7r2a2 k—+J— t
1 13 kz
sin—

(11)

J”y

C(x,y,t)= Z ay; , (12)
where:

L Ly
aj = [ Co(x:y)-sin fx~sinvl7_[—ydxdy- (13)

00 1 2

Yo, (0=0)
Xo S 6
P W I
Xo—5 0 c c¢C L L2

The solution can be analytically obtained.
To determine (16), the following integrals should
be calculated:
X2 mx+n
[dx [ xsin pxsinqydy;
X 0
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The function C (x, y, t) is a multiple Dirichlet series on the
complex variables t, x, y, so it is an analytic multivariate func-
tion for which it is possible to study its local properties, bound-
ary behaviour, and value distribution by analogy to [58], [59].

In this case, the boundary Conditions (11) are replaced by
the initial distribution of salts in the study area. It should be
noted that the coefficient a is calculated accurately only in
some cases. In those cases when the analytic form of the
function Co (x; y) does not allow calculating the coefficients
accurately (13), the numerical integration formulas are used.
When modelling the boundary Conditions (11), the following
formulas are used:

Gi

> )
+(y-y )1+
which specifies n contamination sources concentrated at the

points (x;; y;) with the intensities C; and the diffusion coeffi-
cient K;, or in the form:

Co(xiy)= > (14)

=LK [(x =% )2

n C C.:
Co(xiy)=X M. 1
i=1) Kj(x=%) +1 Kj(y-yp) +1

(15)

which allows obtaining the simple analytical dependences —
in this case the double integrals (13) are replaced by two
ordinary Riemann integrals. The application of (14) or (15)
requires using the numerical integration packages.

In the special case where in a rectangular region the ini-
tial concentration distribution on the region boundary is
given as shown in Figure 1, this concentration distribution
C (x; y) =z is a piecewise linear function. The coordinates of
the corresponding points in Figure 1 are given as follows:

P (x0; 0; 20); K (X0-9; 0; 0);

A (xo; 0; 0); O (Xo; Yo; 0);

K1 (xo + 0; 0; 0).

-
5]
v

Figure 1. Initial distribution of salt concentration

For the coefficients ay (13), the following form of repre-
sentation is obtained:

5 _vo, (%0=9)
Xo+ )
[ dx | (Ax— ByiD2 D2 jsm—sm”—lydy. (16)
Ko 0 cC C C L L,
Xo  mx+n
[dx [ ysinpxsingydy;
X1 0
Xo  mX+n
[dx [ sinpxsingydy .
X1 0
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In addition, the value in (13) is denoted by: 4 = xo yo; B = 0 Zo; The following is obtained:
C =9 Yo; D1 =-Xo Yo do — 3 Yo Zo; D2 = -Xo Yo 6 Zo + I Yo Zo.

Xp mx+n ) 1
[dx | xsin pxsinqydy =4 -—| -

xcos| (p+ ym)x+qm]+;2sin[(p+qm)x+qm]}—
X1 0 Zq

p+mq (p+qm)
(17

X2
xcos[( p—qm)x—qm]+;zsin[( p+qm)x+qm]+£[—lxcos px+izsin px] :
p-gm (p—am) ai p p )

1

X2
xcos[(p+qm)x+qn]+L2+sin[(p+qm)x+qn]] +

X mx+n ) 1
[dx | ysinpxsinqydy = ——| -
p+mq (p+ma)

X1 0 2q

X

X2
X2
n 1 1 m .
+| — cos|(p+gm)x+gn o Xcos| (p—gm)x—gn |+ ————sin|{ (p—mg)Xx—yn + (18)
(ZW p+gm [( ) ijl ZQ[ p—agm [( ) J (p—mq)2 [( ) ]J
X
1 E
X2
+cos|(p+mg)x+qn || “———-———cos|(p—-mg)x—gn | ;
[(pemapesen], 2 (p-ma) L7 ]M
X X2 — — 2
jzdxmxjmsin pxsinqydy:icos[(p+mq)x+qn]| +icos[(p ma)x qn]—icos o 19)
w0 2q p+mg | 29 p-mg ap
X1 X
The recent results indicate that obtaining analytical for- When numerically solving Equations (8) or (9) with the initial

mulas is associated with performing cumbersome calcula-  (10) and boundary Conditions (11), we use method of variable di-
tions, so it is advisable in the future to pay attention to the rections [17]-[19], which allows writing the system of difference

methods of numerical solution of the problem. equations for the specified equations (e.g., for the Equation (9):
~ n - - -
Z(Ck»m _Ck,m) _ 2 Ck+1,m — 26 m +C_m + a2 Clr<]+1,m _ch?,m +CI?—1,m LR
r h2 h2 o
X y
. (20)
ntl_ & % ~ % 1 1 1
Z(Ckvm Ck,m) — a2 Ck+1,m _ch,m +C-1m +a2 Cl?Il,m _ZCI?,Tn +CI?:rl,m LD
o h2 h2 o
X y
The difference scheme in the first group of Equa- 2t .oy
tions (20) is explicit in the y coordinate, while in the second 1_h73'n o
group, it is explicit in the x coordinate. In the final step of the 4, = 2" : (22)
calculation procedure, a system of linear algebraic equations 1+ %sinz 4
with a tridiagonal matrix is calculated. hy 2
When studying the stability of difference schemes, the . e i
spectral stability characteristic is used to establish stability The condition of stability s as follows:
conditions: Al =|A 4|21, (23)
2t . 24 o )
1-—sin 9 which is performed for any values z; hy hy; sin?¢/2;
= hy . (21) sin? w / 2, taking into account that these values in the module
14202 ¥ are much smaller than 1. Therefore, the difference schemes are
hf 2 absolutely stable and, thus, the specified values are selected

only, if the required level of calculation accuracy is fulfilled.
The System (20) is implemented by solving two systems with a triangular matrix using the sweep method, the first of
which has the form:

2hg 2h2
Om=06&m=c:m=1..,M,

2 9 2 2
Tam - ra® | Tam « n & m (o n n :
- Cham +| 14— |Cm— Ck1m =Ckm +—/— ‘(Ck,m+1 — 20 m +Ck,m—1)'
hZ 2hy (24)

where the unknown values are ¢, , , and the system:
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2

2 2 2
% m na Tq%m | n+1 TAm n+t N T8 m
- 2 Ck,m—l + 1+ h2 k,m — 2 Ck,m+1 = Ck,m + h2 :
y y y X
Gt =i =coik =1, K,
xN+1
where the unknown values are € 1" .

It should be noted that in Systems (24) and (25), the value
ax,m is determined at each point of the computational grid.
This means that it is possible to simulate the diffusion pro-
cess for a heterogenetic medium with different values of this
coefficient for different areas of the studied field. All the
proposed numerical algorithms and forms for setting the
boundary conditions have been implemented in the form of
software products, the numerous model or test calculations
have been performed. For modelling boundary conditions,
the following is used:

G

N
C(x,0,¢)= ; (26)
(x.0) El(x—xi)2+(t—t0)2Ki
c(0y)=5 i , 21)

1(y_yj)2+(t—to)2 Kj

which allows simulating both the location of the leak and its
intensity over time (changing this intensity).

Figure 2 shows the concentration distribution along the
cross sections perpendicular to the axis O,. In the calculations
it was specified that a® = const, so the pressure boundary Con-
ditions (14) and (15) give a symmetric distribution of salt
concentration in the study area. Figure 3 shows the salt con-
centration distribution for different locations of inflow sources —
one of them is on the left boundary of the study area, the other —
on the right. The intensity of the leaks is different.

Figure 4 presents the calculation results using schemes
(14), (15), provided that a? # const, a® = a®(x, y, t). The con-
centration distribution is revealed to be asymmetric due to
the inhomogeneity of the medium into which the salts enter.

Figure 5 shows how the concentration of harmful substan-
ces changes over time with the same diffusion coefficient va-
lues. The model Dependences (16), (17) were used in this case.

The hydrocarbon content, high total mineralization of
formation water and especially increased chloride ion content
are the factors that negatively affect surface and groundwater
and are the main criteria for assessing their pollution.

0.50 ~
0.45 -
0.40 -
0.35
0.30
0.25
0.20 A
0.15
0.10 -
0.05
0.00

——tl —m—12 t3 t4 —x—1t5

Salt concentration, mg/dm?3

10 12 14

" T T T T

0 2 4 6 8
Distance, m
Figure 2. Distribution of concentration along the cross-sections
at the location of the inflow source on the line y =0:

t1-t5 — time frames from 1 to 5 days at regular intervals
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(Ck+l,m — 26 m +Ck-1m );

(25)

t4 —x—1t5
t4

t3
—+—1t2 —o—1t3

——tl —u—t2
—eo— 1

Salt concentration, mg/dm?

Distance, m

Figure 3. Distribution of salt concentration at two inflow sources, one
of them is on the line y = 0, second is on the line y = L2:
t1-t5 — time frames from 1 to 5 days at regular intervals

—e—1tl —=—12 t3 t4 —x—1t5

Salt concentration, mg/dm3

12 14

Distance, m
Figure 4. Influence of inhomogeneity of the medium properties on
the concentration distribution; t1-t5 —time frames from
1to 5 days at regular intervals

t3
t3

t4 ——1t5
t4

——1t]l —8—1t2
t1 +— 12

Salt concentration, mg/dm3

15 35

20
Distance, m

Figure 5. Changing of salt concentration in the study area over time:
t1-t5 — time frames from 1 to 5 days at regular intervals

This approach to establishing the negative impact of for-
mation water on surface and groundwater is correct in most
cases, but this method allows establishing negative environ-
mental changes at a late stage, when this impact is significant
and significantly changes the physical-chemical properties of
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water. In this regard, we have proposed a methodology for
determining the impact of associated formation water on
surface and groundwater, which enables to establish the
impact at a stage when pollution is minimal, mineralization
of surface and groundwater is not yet high, i.e. the impact of
formation water is insignificant or classified as absent.

Thus, we have established that the formation of techno-
genic meromictic reservoirs is possible as a result of an
emergency situation, due to the ingress of formation water to
the surface in the territory of oil and gas fields. This is con-
firmed by the crater of well No. 5 at the Rybalske Oil Field.
Undoubtedly, the formation of such reservoirs poses a direct
potential threat to freshwater aquifers and surface water
bodies located gipsometrically below the crater. The pro-
posed mathematical model allows predicting the potential
contamination of vital drinking aquifers in specific hydrogeo-
logical conditions of mineral deposits under conditions of
technogenic accidents. This makes it possible to refine emer-
gency response plans and develop measures to ensure a relia-
ble level of environmental safety of enterprises and territories.

Prevention and rapid elimination of emergencies is an
important task for ensuring environmental safety at mining
enterprises and territories of mineral deposits. For example,
for the conditions of the studied Rybalske Oil Field, based on
the drainless nature of the reservoirs, we propose to eliminate
salinity by continuously taking highly mineralized water
from the bottom of the reservoir. This water can be used in
the reservoir pressure maintenance systems used at the field.
In the process of water withdrawal, highly mineralized water
will be gradually replaced by fresh water from surface run-
off. Thus, over time, the salinity of the crater water will de-
crease until safe water salinity concentrations are reached.

Formation waters that come to the surface of an oil and
gas field have increased mineralization and density compared
to fresh water, so there is always a risk of technogenic reser-
voirs [60], [61]. When in contact with atmospheric air, for-
mation water cools and degasses, resulting in density stratifica-
tion. To assess the safety consequences of such processes,
methods are being developed for assessing the state of hydroe-
cosystems and the level of hydroecological risks at the pre-
project stages of implementation of technogenic objects [62]
and in the process of developing river basin management
strategies [63]. However, this study differs in that it is the first
to develop a multicomponent mathematical model of mineral
salt migration processes in underground freshwater aquifers in
the case of depressurization of a meromictic reservoir.

Groundwater management, including artificial recharge,
as proposed by [64], plays an important role in ensuring the
sustainability of water resources for future generations. The
purpose of the study was to identify suitable sites for artifi-
cial groundwater recharge in the state of Jammu in India.
The authors used geospatial methods and groundwater
modelling. Their approaches can be adapted to the condi-
tions of mineral mining and complement the model we have
developed. Artificial recharge can prevent critical ground-
water loss in emergency situations.

An important aspect is the monitoring of water quality in
drinking aquifers during the mining of mineral sites, which is
based on measurements at specific points with a limited
number of wells. This situation leads to uncertainty in esti-
mating the distribution of real hydrochemical parameters due
to limited data availability. An important scientific task is to
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reduce uncertainty to obtain accurate and reliable monitoring
results. In [65], the authors used geostatistical kriging and a
differential evolution algorithm to optimize the design of a
groundwater monitoring network in the Namoi region of
Australia. The authors propose the integration of geostatisti-
cal methods for interpolation of parameters. The research is
quite interesting, but foreign practice often includes complex
methods that require significant financial, human and infor-
mation resources, online availability of the results of state
environmental monitoring programs, which is unavailable or
rather limited in modern Ukrainian realities.

4, Conclusions

The most significant negative impacts during oil and gas
field development are uncontrolled release of reservoir fluids
and salinization of groundwater as a result of formation wa-
ter entering drinking underground aquifers. It has been de-
termined that as a result of emergency situations associated
with the release of formation water to the surface in the terri-
tory of oil and gas fields, the formation of technogenic
meromictic reservoirs is possible. This is confirmed by
the crater of well No. 5 at the Rybalske Oil Field. The total
mineralization of crater water increases linearly with the
depth of the reservoir, and a similar dependence is characte-
ristic of the chloride ion content.

To predict the ecological and economic losses from salt
contamination, the concentration distribution of harmful
substances was studied, taking into account the number of
inflow sources in the study area and their intensity over time.

The mathematical model for salt distribution in the aqui-
fers in the case of crater depressurization has been deve-
loped. The analytical methods for determining the concentra-
tion of harmful substances should only be used in certain
cases, when the initial conditions are modelled by simple
analytical relations — e.g., by linear functions. The numerical
methods make it possible to model the processes of sprea-
ding the harmful substances, taking into account the number
of inflow sources in the study area, the inhomogeneity of the
medium properties into which the harmful substance enters,
and to assess the dynamics of changes in concentration of
these substances over time.
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MartemaTyHe MOAEIIOBAHHS 3a0py/IHEeHHS MiI3eMHUX BOAOHOCHUX FOPU3OHTIB

BHACJIII0K BHI00yTKY KOPHCHHUX KONAJIUH

A. Tlyxkim, O. Mannpux, JI. Apxumosa, C. Cuposens, /1. I'puHiok

Merta. CTBOpeHHSI MaTeMaTHIHOI MOJIEITi PO3MOBCIOUKEHHS COILOBOTO 3a0pyIHEHHS Mi3éMHUMH BOJJOHOCHAMH TOPH30HTaMH y pa3i po3-
repMeTH3allii KpaTepa CBEpIOBHHH BHIOOYTKY BYTJICBOIHIB /IS TIOIAIIBINOT OIIHKH €KOJIOTIYHAX Ta EKOHOMIYHHIX 30HTKIB Bif ITMX HPOIECIB.

MeToauxka. /1y IpOTHO3YBaHHS €KOJOT0-eKOHOMIYHHUX 30HMTKIB BiJl COJTBOBOTO 3a0pyIHEHHS OYJIO TOCIHIIKEHO PO3IMOJia KOHIEHT-
pauiii MIKiAJIMBUX PEYOBHH 3 ypaxyBaHHSM KiJIKOCTI JDKepes HaAXO/DKEHHs Ta iX IHTEHCHBHOCTI B Yaci Ha OCHOBI JaHHMX MOJBOBHX
JociipkeHb Ha Pubanscbkomy HadToBOMy posoBuili Oxtupcekoro paiiony Cymcbkoi obnacti B YKpaiHi, e cTalucs TeXHOJIOTi4HiI 3001
Ha CBEPAJIOBUHAX, SIKIi CYNMPOBOMXKYBAIUCS BIIKPUTHMH (OHTAHAMH 3 BHHOCOM BEJHMKOI KiJIbKOCTI BHCOKOMiHEpali30BaHUX BOJ Ta
YTBOpEHHsAM KpatepiB. st 0OpoOKM AaHUX IOCIHIIKEHb aBapiiHOTO TEXHOTEHHOTO 3a0pyAHEHHS MiA3eMHHX BOJOHOCHHX T'OPHU3OHTIB

3aCTOCOBAHO METOJHM MAaTEMATHYHOT'O MOJICIIFOBAHHA .

PesyabTaT. Y CTATTi Ha OCHOBI peaJbHUX JaHHX PE3YJIbTATiB AOCIIIKEHHS HPOIECIB MOTEHLIHOTO MOLIMPEHHS COJIBLOBOTO 3a0pya-
HEHHs y IPiCHUX BOJOHOCHHX IOPH30HTAX BHACIIJOK aBapiil Ha MpOMHCIaX BUAOOYBaHHS BYIJICBOJHEBOI CHPOBHHH PO3POOJICHO MaTeMa-
THYHY MOJIEJIb PO3IO/LILY COJIeH y MUTHUX MiA3EMHHUX BOJAX Y pasi po3repMeTu3allii kparepa cBepAIoBUHU HadToBOro poxopuiia. O6rpyH-
TOBAHO MOTEHILIHHI €KOHOMIYHI BTPATH IIPH MOXJIMBOMY 3a0pyAHEHHI IPYHTOBHX BOJ BHCOKO MiHEpai30BaHUM PO3YMHOM, IO MOXE IOT-
paIuTH B MUTHI MiJA3€MHI BOZOHOCHI FOPU30HTH. BCTaHOBIICHO, 1110 Y 3B’SI3KY 3 BUHHKHEHHSIM HaJ3BHYaiHOI CHUTYaIlil BHACIIIOK BHXOLY
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IDTaCTOBOT BOJM HA MOBEPXHIO HAa TEPUTOPIii HAPTOra30HOCHUX TMOKJIAIB MOXKJIMBE YTBOPEHHS TEXHOTCHHHX MEPOMIKTHYHHX KOJEKTOPIB,
10 TiTBEP/IXKCHO Ha MpHKIaai Pubanbcekoro HagToBOrO posoBuiia. JJoBeneHo, o 3arainbHa MiHepaltizallis BOJU KpaTepa JiHIHHO 3pocTae
3 INIMOWHOIO BOJOHMH, MTO/AI0HA 3aJICKHICTh XapaKTepHa 1 AJIsl BMICTY XJIOPUA-10HIB.

HayxoBa nHoBu3Ha. Briepie po3po6ieHo 6araTOKOMIIOHEHTHY MaTeMaTHYHY MOJENb MPOILECiB Mirpauii MiHepalbHUX COJeH y miI3eM-
HHX MPICHUX BOJOHOCHHUX TOPH30HTAX y BUIAJKY PO3TepMETH3ALlil MEPOMIKTHYHOT BOJOIMHU.

[pakTuyna 3HayuMicTs. OTpUMaHi pe3ysIbTaTH JOCHIIIKEHD 32 JOMOMOIOI0 YUCEIbHUX METOIIB JO3BOJSIOTH IPOTHO3YBAaTH IPOLIECH
PO3MOBCIO/DKEHHS IIKINIMBUX PEYOBHH B IMMHUTHHUX MiJI3EMHUX BOJOHOCHHX TOPU30HTaX BHACIINOK aBapiifHUX CHTYyaIliii Ha HaTOra30BHX
MPOMHUCIIAX, BPaXOBYIOUH KUTBKICTh JKEpPET HaIXOKCHHS 3a0pY/JHIOBAaYiB B 30HY JIOCHI/PKCHHS, HEOIHOPIIHICTDh BIACTUBOCTEH CepeIOBH-
1, B SIKE MOTPAILISIE IIKIUTMBA PEYOBHHA, Ta OIIHUTH JUHAMIKY 3MiHU KOHIICHTpAIT I[MX PEYOBHH y Yaci 3 MOJAJIBIIOK OIiHKOK €KOJIOTi-
YHHUX Ta CKOHOMIYHHX 30UTKIB BiJl IIUX MPOIIECIB.

Kniouogi cnosa: nagpmonpomuciu, 3a6pyOHen s NUMHUX 800, MAMEMAMUYHE MOOENI0BAHHSL
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