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Abstract: The most important source of human life support is water. During the development of
mineral water fields, unsustainable patterns of production and consumption have been observed,
which could lead to environmental damage and the deterioration of mineral water quality and
sources. In this work, a procedure for determining the modified link’s parameters, replacing the
static and dynamic indicators of the hydrodynamic process, is proposed. Recording the parameters
at the different filtration coefficients along the spatial coordinates allows the environmental safety of
aquifers to be increased and the pressure of the reservoir to be stabilized. The presented approach
allows the accuracy of the process used to control the reservoir’s pressure to be increased.
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1. Introduction

The main resources for the therapeutic and preventive activities of federal resorts are
mineral waters and mud, which have unique balneological properties. On the territory of the
Caucasian Mineral Waters (CMWs), there is a rare natural deposit of mineral waters located
within the boundaries of the Caucasian Mineral Waters artesian basin. It includes the following
republics of the North Caucasus Federal District: Karachay-Cherkessia, Kabardino-Balkaria
and the Stavropol Territory. The area of the resort is 5243 km2 [1–3]. The Government of
the Russian Federation has assigned this territory the status of an ecological resort region,
where economic activities are regulated by a special regime of environmental management.
Based on licenses, geoexploration and the industrial production of hydromineral resources
are carried out in 29 identified subsoil areas.

The Tambukan medicinal mud deposit also belongs to the CMW region, and its
reserves are as follows:

• salt brine—328.9 thousand m3 [4].
• general-use water—0.8–0.1 million m3 [5].

The mineralization of mud ranges from 54.0 to 56.0 g/L. The Stavropol Territory is
also home to the Salt and Kumagorskoe mud lakes [6–8].

The potential of the hydromineral resources of the CMWs is the basis for the exploita-
tion of the region as a main tourist and recreational resource.

The greatest variety of hydromineral resources is located in Pyatigorsk, where more
than 40 mineral water sources come to the surface; of these, 38 are active sources, and of
these, 23 wells are operation and 15 are observation wells [9–12].

Kislovodsk, where the Narzan mineral springs are located, is also rich in mineral
resources (see Figure 1). Under the above name, according to the decision of the Russian
Committee on Patents and Trademarks, only Kislovodsk mineral water can be produced.
The balneological value of “Narzan” is determined by their level of saturation with carbon
dioxide, their mineralization and the ratio of chemical elements [13,14]. It should be men-
tioned that Kislovodsk Narzan contains copper, iron, manganese, silver, iodine, bromine,
radon, as well as phosphoric and boric acids, which significantly increases the healing

Water 2024, 16, 1329. https://doi.org/10.3390/w16101329 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w16101329
https://doi.org/10.3390/w16101329
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-9175-8751
https://doi.org/10.3390/w16101329
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16101329?type=check_update&version=2


Water 2024, 16, 1329 2 of 25

properties of the water. The city operates 10 springs, which provide about 1800 thousand
liters of water.
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The only enterprise that can use the designation of this origin of mineral water is
Narzan JSC [15]. Particular attention is paid to maintaining the quality of this product and
combating counterfeiting. Today, the glass bottle “Narzan” 0.5 L Elite has several degrees
of protection, thanks to which the trademark is protected. At the moment, the Narzan
enterprise is a modern enterprise, equipped with state-of-the-art equipment and staffed
with highly qualified specialists. At the moment, one of its priorities is the task of reducing
damage to nature during the exploitation of deposits. During its life, the company has
been enriched with extraordinary experience. Any activity of the enterprise is aimed at the
consumer and the modernization of technological processes.

2. Problem Statement

Along with its industrial development, the CMW region retains its environmental
value. The resort areas of the region, such as the ski resorts of Elbrus and Dombay, are the
most attractive places for tourists not only due to their landscapes, but also due to their
ecological cleanliness. A large number of medicinal plants and minerals can also be found
in this region and are used for medicinal purposes [16–19].

Today, the CMW region is one of the most attractive regions of Russia for investors.
Its well-established infrastructure, combined with a rich history and beautiful landscapes,
makes the region attractive for tourism, and the expansion of mineral extraction helps to
increase the economic potential of the region. Together, they ensure the sustainable devel-
opment and future of the CMW region. Despite recent achievements in the development
of the region, there is still a lot of potential. Local authorities are taking steps to improve
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water supplies and communications, as well as to expand the resort areas and develop new
forms of tourism, such as ecotourism and adventure tourism [20].

An analysis of recent decades shows the following:

• the use of mineral water has more than doubled, due to which the natural distribution
of the vertical hydraulic gradient in the upper layers of the hydrolithosphere has
greatly changed;

• due to the above, a deterioration in the quality composition of mineral waters has
been noticed;

• due to changes in the vertical hydraulic gradient, a downward flow is activated, with
which the aquifer is polluted by municipal and domestic wastewater.

The deterioration of the environmental situation is also influenced by the resort status
of the CMW, due to which many restrictions on market relations have been lifted; these
contribute to the unfavorable situation with surface waters [21].

According to this, there is a potential threat of the impoverishment of mineral deposits.
At the moment, more than ten hydromineral springs have been destroyed forever. Therefore,
the task of finding methods for the optimal extraction of mineral water seems most relevant.

3. Research Background
3.1. Background of the Research

More than 200 years ago, mineral water sources were discovered in the south of Russia,
around which the largest resort region, called the Caucasian Mineral Waters (CMWs), was
formed. It includes the world famous resort cities of Kislovodsk, Essentuki, Pyatigorsk,
and Zheleznovodsk. The economic and environmental well-being of the CMW region is
largely determined by balneological resources, including the state of the mineral water
deposits used both for balneological purposes and for bottling [22–25]. The technological
and man-made load exerted on the hydrolithosphere of the region increases every year,
which has negative consequences. The construction of large sanatorium complexes in the
1950s–1970s, an increase in the mineral water production volume, and the deterioration
of the environmental situation have led to a decrease in the quality characteristics of
the groundwater mineral composition from many sources. Over the past 25 years, an
increase in the number of subsoil users and the volume of mineral water production, with
significant dynamics, have accompanied the transition to a market economy. The volume
of production has more than doubled, and, in some cases, this increase occurs without
serious justification for the operating mode [26]. Despite such a sharp increase in the
volumes of extracted raw materials, the importance of creating a unified system for the
operational monitoring, management and forecasting of processes in the hydrolithosphere
of the CMW region cannot be ignored [27–30]. Geological objects differ from technical
objects in many ways. Their structure, as a rule, is not fully understood. As a result,
geological surveys can be very expensive and are required throughout the geological
development process. A technical scheme for geological development is necessary and
justifies a rational development method [31–33]. In countries such as the USA, Japan, Italy,
and Germany, achievements have been recorded regarding the use of hydromineral raw
materials and the extraction of rare elements and mineral salts [34,35]. Worldwide, the USA
is in first place for the production of hydromineral raw materials (thousand tons/year):
the USA’s production of lithium is about 16, its production of bromine is up to 190, its
production of magnesium oxide is up to 750, and its production of table salt is about 16,000;
Japan’s production of iodine is up to 7; and Italy’s production of borates is about 35 [36].
There is a tendency to expand the use of various types of hydromineral raw materials in
the industrial production of rare metals and chemical products.

The main resource for a safe drinking water supply is groundwater. However, un-
confined aquifers may be vulnerable to microbial contamination during extreme weather
events that result in runoff. The greatest seasonal variability in the composition of the
microbial community was revealed during a period that saw the simultaneous melting of
snow and heavy precipitation, leading to the surface runoff of aeroponics and Bacillus. A
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field experiment simulating high levels of runoff around a groundwater well confirmed
elevated abundances of surface soil microorganisms in well water, indicating the vulnera-
bility of groundwater to surface microbial invasion during extreme weather events [37].
The condition of rocks and aquifers has a huge impact on the extraction of hydromineral
raw materials throughout the world [38–40].

To maintain the quality of extracted hydromineral raw materials, it is necessary to
pay special attention to filtration processes [41]. Many literary scientific sources discuss
the types of experimental filtration work, the conditions for their application and the basic
requirements for them, and also describe methods for determining the hydrodynamic
parameters in the stationary, non-stationary and quasi-stationary modes of water filtration
during experimental pumping and observations of level restoration outside the influence
of hydrogeological boundaries [42–44]. Groundwater microbial community dynamics are
poorly understood due to challenges associated with access to subsurface environments.
But to date, microbial interactions and their influence on the subsurface carbon cycle
remain unclear.

Also, the issue under consideration is relevant in China [45–50]. Lakes in cold and
arid regions are extremely sensitive to global climate change, and studying seasonal spatial
and temporal variations in lake–groundwater chemistry is of great importance for water
resource management and environmental conservation. This once again confirms the
importance of the climate in the extraction of hydromineral raw materials.

The main sources of the anthropogenic pollution of groundwater will be divided
into three main groups: regional, linear and local [51]. Regional sources of pollution
include intensive agricultural and irrigated areas, where mineral and organic fertilizers
and crop treatments are systematically applied; residential and industrial areas in urban
districts with a concentration of pollution in groundwater associated with storage sites;
and discharges and leaks of industrial and urban liquid and solid fuels. Areas that store
hydrocarbon products underground are mentioned [52–60].

The leak of hydrocarbons and associated pollutants from underground oil and gas
pipelines and soil, as well as the concentrated discharge of harmful substances from
road and rail transport, are the main sources of the linear and engineering pollution of
groundwater with petroleum products and heavy metals.

As a result of field and office work carried out on the territory of the Eastern Cis-
Caucasian artesian basin (CCAB), six stable centers of the oil and chemical pollution of
groundwater were identified [61–66]:

I. Grozny source of oil pollution.
II. Mozdok source of oil pollution.
III. Neftekumsk source of oil and chemical pollution.
IV. Zaterechny source of oil and chemical pollution.
V. South Sukhukumsky center of oil and chemical pollution.
VI. Ryzdvyansky center of oil product, phenolic and chemical pollution.

3.2. Characteristics of the Research Object

The CMW region, orographically, contains two parts, namely northern and southern;
the first part includes one of the highest peaks on the planet—Elbrus. The northern side is
characterized by a flat terrain, where the maximum height reaches no more than 600 m,
which clearly stands out among such mountain peaks as Beshtau, Mashuk, Yutsa, etc. The
relative heights from the surrounding relief range from 100 to 800 m, and the absolute
heights reach 1401 m (Beshtau) [67]. To the south, a wide arachnid chasm encroaches on the
plains. This is one of the archaic terraces created as a result of the deposition of the Baku
and Khazar continental layers. Towards the south, the confluence of the Kum-Podokum
interfluve turns into a plateau, one of the tributaries of which is called the Borgustan ridge,
the absolute height of which is 1116 m [68]. On the steppe ridge begins a mountainous area
created by Upper Cretaceous limestones, gently sloping in the north and steeply plunging
in the south. The steppe ridge looks like an asymmetrical cuesta ridge, elongated in the
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direction of latitude and reaching an absolute height of 1200–1542 ms. It is divided into
the west and east by the wide valley of the Podkumok River, and these areas are called the
Darinsky and Dzhinalsky ridges, respectively. The Pasture Range is also divided into a
number of smaller branches by deep side valleys of small rivers [69–71].

To the south extend the Rocky Mountains, which, like the above-mentioned ranges,
consist of Upper Jurassic and Lower Cretaceous carbonate rocks, forming the Bermamyt
plateau. The ridge extends approximately parallel to the Main Caucasus Range and is
located within the CMW region. From northwest to southeast, the elevation of the ridge
reaches from 2033 m to 2948 m. To the south, there is a depression that appeared due to
Lower Jurassic deposits, the highest part of which is known as the Bechasyn plateau. The
plateau is hilly, with a maximum height of 2000–2500 m and a width of 34 km, and it is
divided by deep ravines with steep slopes. A high mountain range stretches south of the
Bechasyn plateau. The absolute height of its crest is 2500–3700 m. On the northern slopes of
the ridge, there are often traces of ancient glaciation in the form of moraines and kurums.

In the southern territory of the CMW, there is the Caucasus ridge and the rich city of
Elbrus with a volcanic peak, next to which the largest glaciers are located. The area of these
glaciers has recently decreased significantly due to global warming [72–75].

The Kislovodskoye field is located on the Bermamyt plateau, the central part of which
is located in a valley that arose due to the confluence of the Berezovaya and Olkhovka
rivers, with a maximum height of 800–860 m. In the north, at the confluence of the Belaya
and Berezovaya rivers, the maximum altitude of the area is about 800 m (see Figure 2). The
Berezovsky site is located at a higher absolute altitude (900–1200 m) on plateaus within
the Berezovaya gorge, dug by the bed of the Berezovaya River [76]. In the area of the
Podkumok River, there is the Podkumsky district, whose maximum altitude is in the range
of 750 to 800 m. The Olkhovsky section of the Kislovodsk concession is located in the valley
of the Olkhovka River, where the maximum altitude is 970–1050 m [77–80]. The CMW
region is not rich in surface and water resources. The Caspian Sea basin includes all the
rivers of the region under consideration, which begin in the north of the Caucasian and
Rocky ranges; the main sources of these rivers are springs (the Kuma River) or glaciers (the
Malka River). The most developed network of water courses is in the south of the region.

The Malka River flows in the southeastern part of the territory at a great distance from
the Kislovodsk field (more than 10 km). According to [81], the flow rate of Malki in the area
of the village of Khabez ranges from 60–80 m3/s to 7–10 m3/s.

The Kuma River is located in the north-west of the region. The river’s current angle
varies from 0.05 to 0.1 in the mountains to 0.009 on the plane. The current speed is in the
range of 0.5 to 3.5 m/s. The highest water flow was recorded in April (74–75 m3/s), and
the minimum in August (0.25 m3/s). The average annual water flow is 10.1 m3/s [82–85].

At the foot of Mount Takhtamysh-Tau, there is a tributary of the Podkumok River—Kuma.
The basin area is 2225 km2, the length of the basin is 147.3 km, and the total length is 915.7 km.
Fifty percent of the waters of the Kuma River flow into Podkumok. The river flow speed is
about 3.2 m/s.

The Podkumok flows through three of the four resort towns. Behind them is Zheleznovodsk,
which flows into the Kuma River. Podkumok reflects the characteristics of a mountain river,
with a fast flow and reaction to precipitation. The river flows through a widely developed
valley, from Essentuki to the mouth. A percentage of the water becomes groundwater and
takes part in the formation of certain types of mineral waters.

In the Kislovodsk region, the flow of the Podkumok River varies widely. The maximum
flow rate is 10 m3/s in June, the minimum is about 2–3 m3/s in winter, and in general the
river cannot be called high water, except during periods of heavy rainfall. The salinity level
of the river is approximately 0.6 g/dm3.

The river consists of many tributaries, 80% of which are the rivers Eshkakon, Alikonovka,
Berezovaya, Bolshoi Essentuchok, and Yutsa. There are no hydrometric stations on the
territory of the described rivers. Due to the need for hydrological monitoring, the Narzan
enterprise built a station in the area of well No.7-RE on the Berezovaya River [86].
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3.3. Technogenic Agricultural System

The region’s territory is mainly connected with the rural sector. Agricultural property
occupies approximately 85% of the area. This is clearly visible in the satellite photographs.
As a result of intensive agriculture, a loss of humus occurs in the soil, which significantly
reduces the protection of the soil from pollution. For example, deforested chernozems
in the Stavropol Territory have lost 20–34% of their original basic humus over the past
100 years [87].

In order to increase soil fertility, intensive, uncontrolled mineral fertilizers are applied
along the borders of arable land. Heavy metals and other chemical elements form a mixture
of components that penetrate from raw materials or are caused by improper fertilization.

For example, 1 kg of phosphorus contains phosphate fertilizers from the Syundyukov
deposit [88–91]:

Be 2 Mg Co 40 Mg Cr 30 Mg

Mn 750 Mg Pb 9 Mg Sr 500 Mg

Mo 1,5 Mg Cd 8 Mg Ba 125 Mg

Cu 25 Mg Zr 55 Mg B 80 Mg

Zn 45 Mg Ti 900 Mg F 13000 Mg
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Superphosphate fertilizers contained in mg/kg [88–91]:

Cu-12 Pb-8 Ni-6,5 Zn-9,7 Cr-8 V-26 B-80 Mo-2

Due to the increase in soil fertility with fertilizers, the content of the following elements
increases: Mo, Zn, Cr increase to 11–12%, Pb and B increase to 7–8% and Cu, Ni, V increase
to 2–4%.

The following migrate to the subsoil layer with greater intensity: Zn, B, Pb, Cr and
Mo, and to a lesser extent, Ni, V, Cu, and Co.

The use of various types of pesticides on agricultural farms also has a great impact
on the ecology of the geological state. Recently, the intensity and volume of agricultural
processing with pesticides has been characterized as an uncontrolled process. On average,
in 2007, farms located on the borders of the Eastern Cis-Caucasian artesian basin (ECAB)
received 2–2.5 kg of toxic substances per 1 hectare of cultivated land.

Today, about 20 varieties of agricultural pesticides are used on cultivated lands, the
composition of which is not disclosed by the manufacturers, and the side effects of these
drugs on the environment have not been sufficiently studied. In a 2007–2009 field survey of
water intakes and underground deposits, no remains of known toxic compounds previously
used in agriculture and those most vulnerable to the decomposition of the GHCG lindane,
DDT, 2, and 4D-amine salt in underground water were identified.

The large area of irrigated land in 53 irrigation and drainage systems has a significant
impact on the groundwater regime and chemical composition in the ECAB area. The main
irrigated agricultural lands are limited to the eastern foothills and piedmont plains. The
main source of water supply is water from the Kuban, Kuma, Malka, Sulak and Terek,
supplied to irrigation areas through main and distribution pipes. From irrigated areas,
drainage runoff contaminated with chemical components (contained in mineral fertilizers
and pesticides for plant protection) enters surface waters and ponds, from where they seep
into groundwater, which contributes to the deterioration of the quality of the water supply.

In addition to the chemical pollution of the environment, intensive farming that
disrupts the natural structure of the soil leads to the activation of erosion, planar washout,
the contamination of soil and rock zones, as well as flooding.

3.4. Technogenic Industrial System

Oil pollution is classified as one of the most dangerous types of pollution in groundwa-
ter. The main sources of this type of pollution are industrial enterprises and oil production
areas within the boundaries of developed hydrocarbon fields. Within the boundaries of
the Rosneft company, the “Neftekum”, “Yuzhno-Sakhalinsk” and “Groznensky” oil, gas,
condensate and gas fields are being developed. The “Neftekymsky” oil refining plant,
with an area of 2500 km2, is located in a semi-desert area in the northeast of the Stavropol
region and consists of 35 oil fields developed by the “Stavropolneftegaz” company. The
development of oil fields began in the 20th century. Total oil production will be 1 million
tons annually. Petroleum liquids from a production well are transported by underground
pipelines to a group plant, and then pumped to a central collection point; after preliminary
preparation in a central collection point, the oil is pumped to a treatment or stabilization
unit in the oil and gas field. From the “Neftekumsky” plant, oil that has been purified from
formation water and gas and is ready for transportation is supplied to the pumping station
and then sent through the main oil pipeline to the Chkalovsk loading station.

The industrial drinking water of the production facility is supplied from the 29 single-
well water intakes with a total groundwater volume of 1 million m3 per year. Untreated
wastewater is discharged into the wells and sometimes onto the surface. The main causes
of pollution with petroleum products are the chemical elements of iodine, bromine and
heavy metals in highly mineralized 30–78 m3 industrial waters in the operation area
of “Stavropolneftegaz LLC” reservoir wells, which are located near the center of the
accumulation of petroleum products, emergency drainage oil settling tanks, oil parks,
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and individual reservoirs with oil in group areas, places with the systematic emergency
rupture of an underground oil pipeline, and oil ruptures in an area of up to 0.5 km2 of
earth surfaces.

4. Methodology
4.1. Approximation of Dynamic and Static Characteristics of Hydro-Lithospheric Processes

The practice of analyzing the distributed systems and solving the synthesis problems
often uses finite approximation methods. There are many publications on methods for
the testing of distributed objects [92–96]. It is recommended that the approximation of
systems with distributed parameters is used very carefully, since they significantly change
the properties of the model. When approximating a distributed object, we obtain another
object whose properties are not similar to the initial ones. To solve control problems, the
dynamic and static characteristics of distributed objects and the links that describe them
are used.

The validation of a discrete model means that the properties of approximating link 1
and the similar parameters of link 2 are in close proximity.

A practically important object with distributed parameters can be a hydrosphere
process. The methods used for studying objects are presented in [97–101], and the method
presented in [102–106] can be used to determine the location of production and monitoring
wells. Technical means of collecting and storing telemetry data, such as Keder-DM com-
plexes, configured in reception and control wells, make it possible to manage operational
processes in real time. To solve the problem of the downhole control of a production well,
it is necessary to describe the dynamic and dynamic characteristics of the control object.

The links parameters show a specific approximating reduction in the process level in
well 1 and in the control well. To determine the level decrease at a point, the structure of
the approximating link is defined as follows:

Wa =
K
β
∗ exp(−β ∗ r); β = (D)

1
2 (1)

where D, K, and a are 5h3 determined parameters, and r is the distance from the action well
to the measured point.

For the calculation of the parameters of the approximating link, by equating the static
gain coefficients of the approximating link to the values of K1 and K2, we obtain a system
of equations: {

K1 = K
β ∗ exp(−β ∗ r0)

K2 = K
β ∗ exp(−β ∗ r2), β = (D)

1
2

(2)

By considering the values K1 = 0.0224; K2 = 0. 00236; r0 = 0.2; and r2 = 180 to (2.6), we
obtain the following: {

0.0224 = K
β ∗ exp(−β ∗ 0.2)

0.00236 = K
β ∗ exp(−β ∗ 180), β = (D)

1
2

(3)

The solution of the system in Equation (3) leads to the following result:
K = 0.00028799; D = 0.000166114
The filtration coefficients presented in Figure 3 show where the values for x and y (Kx,

Ku) are the same.



Water 2024, 16, 1329 9 of 25

Water 2024, 16, x FOR PEER REVIEW 9 of 27 
 

 

�� =
�

�
∗ exp(−� ∗ �); � = (�)

�
��

    

(1)

where D, К, and а are 5h3 determined parameters, and r is the distance from the action 

well to the measured point. 

For the calculation of the parameters of the approximating link, by equating the static 

gain coefficients of the approximating link to the values of K1 and K2, we obtain a system 

of equations: 

⎩
⎨

⎧ �� =
�

�
∗ exp(−� ∗ ��)

�� =
�

�
∗ exp(−� ∗ ��) , � = (�)

�
��

 (2)

By considering the values К1 = 0.0224; К2 = 0. 00236; r0 = 0.2; and r2 = 180 to (2.6), we 

obtain the following: 

⎩
⎨

⎧ 0.0224 =
�

�
∗ exp(−� ∗ 0.2)

0.00236 =
�

�
∗ exp(−� ∗ 180) , � = (�)

�
��

 (3)

The solution of the system in Equation (3) leads to the following result: 

К = 0.00028799; D = 0.000166114 

The filtration coefficients presented in Figure 3 show where the values for x and y 

(Kx, Ku) are the same. 

 

Figure 3. Location of production and monitoring wells. 

The development of a method for approximating the dynamic and static characteris-

tics of hydro-lithospheric processes. 

The filtering coefficient for the x and y space coordinates is different. This research 

paper proposes that the above procedure should be adapted to describe the characteristics 

of an object with different filtering coefficients based on spatial coordinates. In this case, 

the structure of the link, which approximates the static coefficients, can be wri�en in the 

following form: 

�� =
�

�
∗ exp (−� ∗ (�� + (�� ∗ �)�)�.�), � = (�)

�
��  (4)

A well is formed around the production well; we assume that its radius is r0: 

�� =
�

�
∗ exp (−� ∗ (��

� + (�� ∗ ��)�)�.�), � = (�)
�

�� , �� = ��, �� = �� (5)

Figure 3. Location of production and monitoring wells.

The development of a method for approximating the dynamic and static characteristics
of hydro-lithospheric processes.

The filtering coefficient for the x and y space coordinates is different. This research
paper proposes that the above procedure should be adapted to describe the characteristics
of an object with different filtering coefficients based on spatial coordinates. In this case,
the structure of the link, which approximates the static coefficients, can be written in the
following form:

Wa =
K
β
∗ exp(−β ∗

(
x2 + (Kn ∗ y)2)0.5

)
, β = (D)

1
2 (4)

A well is formed around the production well; we assume that its radius is r0:

Wa =
K
β
∗ exp(−β ∗

(
x2

0 + (Kn ∗ y0)
2)0.5

)
, β = (D)

1
2 , x0 = r0, y0 = r0 (5)

The impact on the entrance to the object is considered by the average flow rate of
the disturbance pump, and the output functions change the level of reduction during the
production and control of wells. Experimental and filtration work was carried out at the
considered field, and it was found that the average flow rate of the input influences is as
follows: Qm3/day (103 m3/day). The distance between the wells under consideration is as
follows: L1 = 180 m; L2 = 150 m.

The output of the time delay of the signal, in comparison with the influence of the
input in the second monitoring well, is 21 min.

The next step is to determine the parameters of the approximating link (2).

1.


K1 = K

β ∗ exp(−β ∗ x0)

K2 = K
β ∗ exp(−β ∗ L0)

K3 = K
β ∗ exp

(
−β ∗ Kp ∗ L2

)
,

β = (D)
1
2 (6)

2.


0.0225 = K

β ∗ exp(−β ∗ 0.3)
0.00241 = K

β ∗ exp(−β ∗ 180)
0.0015 = K

β ∗ exp
(
−β ∗ Kp ∗ 150

) β = (D)
1
2 (7)

The hydraulic interaction coefficient of the well is as follows:

Wa =
0.00028157

β
∗ exp

(
−β ∗ (x 2 + (1.6571 ∗ y)

2)0.5
, β = (0.00028175)

1
2 (8)
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Figures 4 and 5 display graphs reflecting the interactions of the wells (wells are shown
in Figure 4).

Well hydraulic interaction coefficient.
The link that approximates the static coefficient and the dynamic nature of the object

can be written as follows:

Wa =
K
β ∗ exp

(
−β ∗

(
x2 + (KP ∗ y)2

)0.5
)

, β =
( s

a + D
) 1

2

r0 ≤ |x| < ∞, r0 ≤ |y| < ∞
(9)

where s is the Laplace operator and a is the parameter being determined.
Assuming that in (5), s = jω (ω = ω1), the relationship for determining the phase of

the approximating link is as follows:

∆φ = −Im(β) ∗
(

x2 + (KP ∗ y)2
)0.5

− arctan
(

Im(β)

Re(β)

)
(10)

β =

(
jω1

a
+ D

) 1
2
, r0 ≤ ⌈x⌉ < ∞, r0 ≤ ⌈y⌉ < ∞ (11)
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Assuming that ∆φ = −1.259 and by solving Equation (8) using the numerical method,
it can be determined that a = 6.30204. Substituting the value of a into (7) gives the following:

Wa =
0.00028157

β
∗ exp

(
−β ∗ x2 + (1.6571 ∗ y)

2
)0.5
)

(12)

β =
( s

6.30204
+ 0.00028175

) 1
2 (13)

Link (7), which approximates the static coefficients and dynamics of the object under
consideration, can be used to verify a discrete model of the hydrodynamic process under
consideration.

4.2. The Practical Aspects

The mathematical modeling of the hydro-lithospheric processes in the field under
consideration (Figure 6) is written as follows:

The Upper Valanginian:

∂H2(x, y, z, r)
∂r

=
1
η2

(
k1,x

∂2H1(x, y, z, r)
∂x2 + k1,y

∂2H1(x, y, z, r)
∂y2 + k1,z

∂2H1(x, y, z, r)
∂z2

1

)
(14)

0 < x < Lx, 0 < y < Ly, 0 < z < Lz1 (15)

The Lower Valanginian:

∂H2(x,y,z,r)
∂r = 1

η2

(
k2,x

∂2 H2(x,y,z,r)
∂x2 + k2,y

∂2 H2(x,y,z,r)
∂y2 + k2,z

∂2 H2(x,y,z,r)
∂z2

2

)
+ V ∗ δ(x0, y0) (16)

0 < x < Lx, 0 < y < Ly, 0 < z < Lz2 (17)
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The boundary conditions between layers are determined by Darcy conditions:

H1(x, y, Lz1 , r) = H1(x, y, Lz1 , r) + b1 ∗ (H2(x, y, 0, r)− H1(x, y, Lz1 , r)) ∗ ∂r (18)

H2(x, y, 0, r) = H2(x, y, 0, r)− b1 ∗ (H2(x, y, 0, r)− H1(x, y, Lz1 , r)) ∗ ∂r (19)

where b1 is the flow parameter.
Upper boundary of the upper layer:

∂H1
(x, y, 0, r)

/
∂z = 0 (20)

Lower boundary of the lower layer:

∂H2
(x, y, Lz2 , r)

/
∂z = 0 (21)

Side edges:
H1(0, y, z, r) = H1,0, H2(0, y, z, r) = H2,0 (22)

∂H1(Lx, y, z, r)/∂x = 0, ∂H2(Lx, y, z, r)/∂x = 0 (23)

In the process of characterizing the boundary state in y coordinates, it was found that
the influence on the state of the fence did not affect the well:

Hi(x, 0, z, r) = Hi
(
x, Lyz, r

)
= Hi,0(x, y, z, r), (i = 1, 2) (24)

H1,0 and H2,0 are the initial states of the groundwater and formations:

H2,i(x, y, z, 0) = 193 − 50 ∗ x/lx, 0 ≤ x ≤ lx, 0 ≤ y ≤ ly, 0 ≤ z ≤ lz (25)

The above mathematical apparatus of the control objects is used to write a discrete
sample. The Upper Valanginian:

∆H1,η,γ,ξ

∆r
=

1
η1

(
k1,x

H1,η−1,γ,ξ − 2 ∗ H1,η,γ,ξ + H1,η+1,γ,ξ

(∆x)2 + k1,x
H1,η−1,γ,ξ − 2 ∗ H1,η,γ,ξ + H1,η+1,γ,ξ

(∆y)2

+k1,x
H1,η,γ,ξ−1 − 2 ∗ H1,η,γ,ξ + H1,η,γ,ξ+1

(∆z1)
2

) (26)
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2 < η < Nx − 1, 2 < γ < Ny − 1, 2 < ξ < Nz − 1 (27)

The Lower Valanginian:

∆H2,η,γ,ξ
∆r = 1

η2

(
k2,x

H2,η−1,γ,ξ−2∗H2,η,γ,ξ+H2,η+1,γ,ξ

(∆x)2 + k2,x
H2,η−1,γ,ξ−2∗H2,η,γ,ξ+H2,η+1,γ,ξ

(∆y)2 + k2,x
H2,η,γ,ξ−1−2∗H2,η,γ,ξ+H2,η,γ+1,ξ

(∆z2)
2

)
(28)

2 < η < Nx − 1, 2 < γ < Ny − 1, 2 < ξ < N3 − 1 (29)

where Nx and Ny are the number of discrete points in x and y, and Nzi is the number of
sampling points from i to z (i = 1,2). The boundary conditions between formations are
as follows:

H1,η,γ,Nz1 = H1,η,γ,Nz1 + b1 ∗
(

H2,η,γ,1 − H1,η,γ,Nz1

)
∗ ∆r (30)

H2,η,γ,Nz1 = H2,η,γ,Nz1 − b1 ∗
(

H2,η,γ,1 − H1,η,γ,Nz1

)
∗ ∆r (31)

The upper boundary of the upper formations:

H1,η,γ,1 = H1,η,γ,2 , 2 < η < Nx − 1, 2 < γ < Ny − 1 (32)

The lower boundary of the lower formations:

H2,η,γ,Nz2 = H2,η,γ,N2−1, 2 < η < Nx − 1, 2 < γ < Ny − 1 (33)

H2,η,γ,Nz2 = H2,η,γ,N2−1 (34)

To determine the boundary conditions for y, let us note that the influence of the intake
well does not in any way affect the state of the formation.

h1,η,1,ξ = h1,η,Ny ,ξ = h1,1,γ,ξ = h1,0,ξ (35)

H1,η,1,ξ = Hi,η,Ny ,ξ = Hi,1,γ,ξ = Hi,0 , (i = 2..3) (36)

2 < η < Nx − 1, 2 < ξ < Nz3 − 1 (37)

h1,η,γ,1 = 0 (38)

Hi,Nx ,γ,ξ = Hi,Nx−1,γ,ξ , (i = 2..3) (39)

2 < γ < Ny − 1, 2 < ξ < N3 − 1 (40)

According to the research of geologists, the quantitative values of the physical and
mathematical parameters used in modeling control objects have been determined in the
table [107–109].

For the modeling of the hydro-lithosphere process, the following number of discrete
points was selected according to the spatial coordinates:

x → η = 1.107;γ → γ = 1.76; zi → ξ = 1.9; i = 1.2 (41)

A working well is formed in the lower formation, taking into account discrete points:
η = 50; γ = 38.

The output function (H2,η,γ,ξ(τ)) is determined at the following point:

η = 45;γ = 38; ξ = 5. (42)

To verify the discrete model, we will take into account the degree of closeness between
the static and dynamic characteristics obtained as a result of groundwater inflow testing
on the northern flank of the central section. The transfer coefficients K1 = 0.0224 and
K2 = 0.00236 are found as a result of the groundwater inflow testing. Based on the results
of experimental studies, we see that the net delay of the disturbance in the process of
withdrawal from well 107D to the control well, namely 87, is 27.0 min. Let us change the
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indices of the discrete models to achieve the closeness of the characteristics obtained as a
result of groundwater inflow testing.

Transfer coefficients of the changed model:

K1 = 11.405/508 = 0.02245; K2 = 1.051/508 = 0.002069 (43)

The disturbance delay time from the working well to the control well, 107D and 87,
respectively, is 0.417 h (25 min).

5. Influence of Well Location on Total Production

We see that the values obtained are close to the results obtained as a result of ground-
water inflow testing. In the considered field, working wells can be placed in the range fs
(where fs is a given angle value) on a segment of length Lsk (Figure 7).
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Figure 7. Location sector.

The variant with an additional monitoring well 2 (Figure 7), which will determine the
state of the hydrolithosphere process in the lower valence, at the point z = 0.5·LZ2, is to be
analyzed. To determine the total production from the operated wells, when moving the
wells in sector fs, the following sequence should be followed. In the process of investigating
the verified model, what the hydraulic interaction coefficient of the wells is equal to
is calculated:

(1) lowering the level in the control well 2/average production:

• K3 = (−0.147)/(−508) = 0.00028937

The level change in control well 2 (Lkd = 80 m, is shown in Figure 8; also based on the
results of modelling the verified model of the control object, the graph is plotted. This is
taking into account that the flow rate of the working well is Q = 508 m3/day.

(2) Now, the parameters of the approximating link can be calculated.

The structure of the modified link approximating static coefficients is as follows:

Wa =
K
β
∗ exp

(
−β ∗

(
x2

0 + (Kn ∗ y0)
2
)0.5

)
(44)

β = (D)
1
2 , x0 = r0, y0 = r0 (45)
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The next step is to calculate the values of the approximating link:
Equating the static gains of the approximating link to the values of K1, K2 and K3

(assume that L1-r0 ≈ L1; L2-r0 ≈ L2), a system of equations can be obtained:
K1 = K

β ∗ exp(−β ∗ x0)

K2 = K
β ∗ exp(−β ∗ L1)

K3 = K
β ∗ exp

(
−β ∗ Kp ∗ Lkd

) , β = (D)
1
2 (46)

Substituting the calculated values into (45), we obtain K1 = 0.0224; K2 = 0.00236; r0 = 0.2;
L1 = r0 = 180; K3 = 0.00028973; and Lkd = 80.

0.0224 = K
β ∗ exp(−β ∗ 0, 2)

0.00236 = K
β ∗ exp(−β ∗ 180)

0.00028937 = K
β ∗ exp

(
−β ∗ Kp ∗ 80

) , β = (D)
1
2 (47)

By solving the system, the following result is obtained: K = 0.00028106; D = 0.00015665;
and Kp = 4.346. The hydraulic interaction coefficient of the wells in the field is shown
as follows:

Wa =
0.00028106

β
∗ exp

(
−β ∗

(
x2 + (4.346 ∗ y)2

)0.5
)

(48)

β = (0.00015665)
1
2 (49)

Figures 5 and 6 show the graphs of changes in the coefficient of the hydrodynamic
interaction of wells.

(3) The statement of the problem of optimizing the choice of the location of wells in the
fs sector: for the field under consideration (having n production wells located in the
segment Lsk), the value fst ≤ fs needs to be determined, which ensures maximum
profit (PP) over ten years of field operation. In this case, we will assume the following:

- extraction of hydromineral raw materials is carried out within 3650 days;
- r0,i = 0.2 m;
- N—the cost of 1 m3 of hydromineral raw materials is RUB 300/1,000,000 million;
- Cp—the average costs for the development and maintenance of one well for

10 years amount to RUB 6 million;
- tax on subsoil use of 7.5%;
- expenses for the maintenance of buildings, equipment and personnel (P) for ten

years of operation amount to RUB 87 million;
- the location of production wells is shown in Figure 8 (Lsk = 150 m);
- the specified level drop in the wells is 12 m; fs = 15◦.
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The previously obtained coefficient for the hydraulic interaction of wells is written
as follows:

Wa =
0.00028106

β · exp
(
−β · (x 2 + (4.346 · y)2)

0.5)
;

β = (0.00015665)
1
2 .

(50)

The procedure for solving the problem consists of the following steps.

(1) Let us write down the impact of the j-th working well on the level decrease in the
µ-working well as follows:

∆Hµ =
Kµ ∗ Qµ

β
∗ exp

(
−β ∗

(
r0,µ
))

+
n

∑
j=1, j ̸=µ

Kj ∗ Qj

β
exp
(
−β ∗

(
rµ, j

))
, β = D

1
2 (51)

rµ, j =
((

xµ − xj
)2

+
(
KP ∗

(
yµ − yj

))2
)0.5

, µ = 1 . . . n, (52)

where ∆Hµ is the level decrease in the µ-th well (µ = 1...n);
r0,j is the given radius;
xµ, yµ are the coordinates of the µ-th well;
xj, yj are the coordinates of the j-th well;
n is the number of wells;
Qµ is the flow rate of the µ-th well;
G1 is the generalized coordinate. In the case under consideration, for the selected

spatial modes, the first and second, the values of the generalized coordinate are as follows:
Kµ = Kj = K = 0.00028106; D = 0.00015665; and Kp = 4.346.
Thus,

Cµ =
Kµ

β
∗ exp

(
−β ∗

(
r0, µ

))
, Cµ, j =

Kj

β
∗ exp

(
−β ∗

(
rµ, j

))
, β = (G1)

1
2 (53)

By transforming (52), a matrix equation for determining the production well flow rates
is obtained: 

Q1
Q2
. . .
Qn

 =


C1, C1,2, . . . , C1,n
C2,1, C2, . . . , C2,n

. . .
Cn,1, Cn,2, . . . , Cn


−1

∗


∆H1
∆H2
. . .

∆Hn

 (54)

(2) The total flow rate (Q) is determined from the following ratio:

Q = ∑n
µ=1 Qµ (55)

(3) Let us calculate the profit for 10 years of production at the considered field:

Total f low rate = (Q ∗ N − Q ∗ N ∗ 0.75) ∗ 3650 − Cm ∗ n (56)

The calculation of the possible total profit changes and the rotation angle of the
producing wells were generated in a special program (Figure 9). The location of production
wells in the fs sector is optimized.
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Figure 9. Hydraulic interaction.

Via an analysis of Figures 9 and 10, it can be mentioned that the plotted graphs say
that the maximum profit is achieved when the location of the wells on the boundary of the
beam fst = fs. This profit, for 10 years of operation in the field, will be RUB 1244 million,
and the total flow rate will be 1257.8 m3/day. At the considered field, there is a restriction
on the value of fs. Assuming that there is no such limitation, Figure 7 shows the change in
income and the total flow rate with increasing fs.
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6. Discussion

The ecological resort CMW occupies a special place among the resort regions of Russia
due to the wealth, diversity, quantity and value of the mineral waters, landscape and
climatic conditions, and therapeutic mud. Recently, the pace of mineral water resource
exploitation for industrial bottling purposes has increased. Increasing the number of
sanatorium–resort organizations and mineral water bottling enterprises will have a signifi-
cant impact on the growth of mineral water intake volumes. Irrational water withdrawal
leads to a deterioration in the quality of the groundwater, and changes in its chemical
composition and temperature; the growth of a depression funnel can lead to the collapse of
the roof of the formation and the disappearance of many sources from the face of the Earth.
This applies to all waters located in the CMW region.

Due to the above, there is a potential danger that the mineral water field under
consideration will degrade. Therefore, the maintenance of predictive models for the
development of the hydrodynamic processes of the region is an important task when the
changing volume of water intake in different areas of the field is the actual problem. This
paper proposes a method for controlling the level of the aquifer in production wells to
ensure a given decrease in the fluid level of Pyatigorsk’s mineral water field aquifer, in
which the decrease in pressure values will not be more than the permissible maximum.
The reliability of the scientific research results is confirmed by the correct use of the
mathematical apparatus to model and study the hydrodynamic processes of the Pyatigorsk
mineral water field. The reliability is also confirmed by the consistency of the results
of theoretical studies and the computer modeling of the resulting control systems. The
scientific novelty of the work lies in the mathematical description of the relationship
between the main factors and parameters of the hydrodynamic layers of the Pyatigorsk
mineral water field and in the synthesis of a distributed system for the control of the
depression funnel parameters.

The results of this study can be used in engineering practices related to the control
of the hydrodynamic processes of the mineral water field. This paper is also interesting
to the scientific community actively involved in the study of these natural systems and
the development of management there. The use of distributed control systems in this
work allows for the most efficient management of processes. This also opens up new
opportunities for creating intelligent systems that can be used in various algorithms and
data analysis methods to make decisions in real time. In the future, these developments
can be used in various industries, including geological, energy, etc.

However, this work is not limited to obtaining a mathematical apparatus. Studies [90–93]
show the possibility of using neural networks for analyzing field data. This approach is
the subject of further research. It should be noted that there are alternative methods for
solving this problem. Reference [93] shows that indirect factors can also influence product
quality, and these are considered in references [94–100]. Taking these factors into account
will lead to the need to analyze seasonality. Ultimately, this leads to regression models.
This is demonstrated in references [101–104]. Such modeling will lead to a reduction in
the scope of application of the results obtained. The authors of articles [105–110] showed
this earlier. Within the framework of this study, I would like to especially note the work of
ref. [111]. This article shows the possibility of modeling a formation with different filtration
properties. This circumstance expands the possibility of applying the results of this study.

Thus, the study presented here represents a universal way to model aquifers. As part
of further research, a high-precision regulator that will allow the control of water extraction
will be developed, taking into account the seasonality of pressure.

7. Conclusions

The presented study examined the main geological findings on the territory of the
study area, and carried out an analysis of the geological processes occurring in this area.
The features of the relief and landscape were considered, and the data on the soils and
geological formations present in the territory were provided [112–114]. One of the im-
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portant aspects of the work was the study of the environmental situation in the field. In
this context, an analysis of the influence of techno genic activities on the environment
and an assessment of its degree of impact on the biological systems were carried out. In
addition, an analysis of the technological processes used in the field was carried out, as
well as an assessment of the profitability of the production and optimization of production
processes in general [115–119]. One of the main objectives of the work was to determine
the properties of hydrolithospheric processes and develop methods and algorithms for
controlling them. It has been shown that significant improvements can be achieved in the
mineral water development process using modern management approaches. A practical
example shows a reduction in the overshoot time. Compared to previously proposed
methods [10,23,29,73–78,120–139], the time spent on equalizing the reservoir pressure is
reduced by 15%. It is important to note not only the great theoretical significance of the
research conducted, but also its real practical application.

The solution of the following problems was also considered:

1. The diagram of the monitoring system for the state of hydrodynamic processes in the
region is shown.

2. The results of experimental filtration studies carried out on well cluster No. 107D
(disturbing) and two observation wells, namely No. 87, in the Valanginian aquifer
are presented.

3. The procedure for determining the parameters of a link that approximates the specific
decrease in level at a given point is described, using the results of experimental
filtration studies.

4. The procedure for determining the optimal number of production wells for their
various placement methods (on a given segment or in a given area) is shown.

5. The verification of discrete mathematical models of hydrodynamic processes is con-
sidered using the results of the experimental filtration studies.

In the final part of the study, the practical recommendations for optimizing the process
of mineral water extraction at the enterprise in order to increase production without
damaging the nature of the region and the field were formulated.
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