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SUMMARY

The goal of ecologically balanced water use is to ensure that ecosystems function at a level
that is as close to natural as possible. The exploitation of water resources should not be
accompanied by the degradation of hydroecosystems above the acceptable minimum level.
Today, with the growing need of the population for access to high-quality and stable drinking
water, groundwater is increasingly being used for water supply. The problems of water
supply and groundwater quality are of strategic importance and require a comprehensive
approach. The study of the groundwater system usually involves predicting the state of this
system in the future under the influence of natural and anthropogenic factors that form it. The
degree of disturbance to the natural groundwater regime depends on many factors, but
primarily on the structure of the geofiltration medium, the type of water exchange basin, the
depth of underground development, the nature of development and the degree of
anthropogenic load. To determine changes in hydrodynamic conditions, it is important to
determine the groundwater balance. The modeled water balance using ArcMap tools, namely
Darcy Flow, allows to identify and clarify the conditions of groundwater supply and
discharge, to draw conclusions about the quantitative relationships between different
components of the system's water balance. To assess the condition of drinking aquifers,
especially their quality indicators, it is necessary to rely on monitoring results. The results of
the study demonstrate the feasibility of applying balance methods in the hydrogeological
monitoring system along with spatial analysis and modeling in GIS to assess and predict the
state of drinking aquifers in order to ensure balanced water use.
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Introduction

The world experience of ecologically balanced water use today indicates that its goal should be to
ensure the functioning of ecosystems at the level closest to natural, and the exploitation of water
resources should not be accompanied by the degradation of hydroecosystems above the permissible
minimum level.

Today, groundwater is increasingly involved in water supply, especially with the growing need of the
population for access to high-quality and stable drinking water consumption. The given information
on forecasted resources, balance operational reserves and use of groundwater indicates great potential
opportunities for expanding their use in almost all regions of Ukraine, especially for small water
consumers (National report, 2021). The current ecological state of surface water bodies indicates that
the share of groundwater in water use will continue to grow in the future. Therefore, a proper study of
the condition and regime of underground water, prevention of depletion and pollution of drinking
aquifers is extremely necessary to ensure high-quality water consumption of the population. The
problems of water supply and groundwater quality are of strategic importance and require an
integrated approach. In particular, the prevention of pollution of sources of drinking water supply
requires constant monitoring of the state of groundwater and changes in hydrogeological conditions.

For example, in connection with the intensive development of economic activity in the territory of the
city of Kyiv and its surroundings, works are constantly being conducted to study the regime of
underground waters (Fedorenko, 2017). From the point of view of the formation of the qualitative
composition of the drinking groundwater of the city of Kyiv, aquifers playing the role of feeders play
an important role. This well-known fact did not cause much practical attention and concern until
recently, because it was believed that the structure of the hydrogeological section and the intensity of
natural vertical water exchange ensure reliable protection of drinking groundwater from
contamination from the surface. However, since the second half of the last century, the presence of
zones of reduced hydrodynamic pressures in the aquifer in the sediments of the Kaniv and Buchatka
series of the Eocene, which lies above the drinking groundwater horizons from which water is
withdrawn, has been recorded (Koshliakov et al., 2012). Local depression sinkholes in groundwater
and the city territory were identified, the cause of which is considered to be the functioning of
drinking groundwater intakes.

It should be noted that the final goal of studying the groundwater system is usually the forecast of the state of
this system in the future under the conditions of the action of natural and anthropogenic factors that shape it.
When considering groundwater systems, three main interrelated components are distinguished:
hydrogeodynamic, hydrogeochemical, and hydrogeothermal. However, the determining factor is the
hydrogeodynamic component, which forms the hydrogeochemical and hydrogeothermal regimes of
groundwater flows.

Observation data on the elements of the underground water regime in the form of periodic measurements of
hydrodynamic pressure, flow rate and temperature, as well as the results of chemical analyzes of water
samples undergo primary processing with the calculation of their average monthly and average annual values
and the determination of absolute maximum and minimum values within the annual cycle. In the future, the
processed observation data are reduced to convenient forms that meet the requirements of their accumulation
and use and form certain data arrays. In general, the following groups of methods of processing the results of
observations are distinguished: analytical, balance, hydrogeological analogies, probabilistic-statistical.

Method and Theory

Analytical methods are used in cases where the hydrogeological parameters of the aquifer are known
(filtration coefficients, lack of saturation or water yield, capacity) and the functional dependence
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between changes in hydrodynamic head and one or more arguments (which, as a rule, includes time)
is established. Forecasting methods using mathematical deterministic modelling are most closely
related to analytical methods (Koshliakov et al., 2020).

The methods of hydrogeological analogies consist in the fact that the regularities of the underground
water regime, which have been discovered for a certain territory over a multi-year period of
observation (duration of cycles, nature of changes within cycles, etc.), are extrapolated in time and
space. The reliability of such forecasts increases if the regime change can be linked to changes in any
regional or global factor, for example, atmospheric circulation, solar activity, etc. Using the method of
analogy, it is possible to transfer the regime forecast made by any method for the territory, which is
provided with a sufficient number of observation points, to the territory with similar regime formation
conditions, where these points are not enough.

When using probabilistic statistical methods, not functional, but correlational dependencies between changes
in hydrodynamic pressure and one or more factors are established. Harmonic analysis methods are closely
related to probabilistic-statistical methods, with the help of which quantitative regularities in hydrodynamic
pressure fluctuations during the period of regime observations are revealed, which are extrapolated beyond
this period (Koshliakov et al., 2019).

Balance methods are based on solving the equations of the water balance of underground waters relative to
the amount of change in hydrodynamic pressure over a certain period of time. Balance elements are
determined either experimentally using special devices and installations, or calculated according to
hydrogeodynamics formulas. Then a functional or correlational dependence is established between the
change in hydrodynamic pressure and certain elements of the balance.

When studying the hydrogeological conditions of the Antonivsky underground water deposit in Kyiv, the
authors used spatial analysis and GIS modeling using the ArcMap toolkit, namely the Darcy Flow module,
using the balance method. Three aquifer systems were studied: the Oligocene-Miocene aquifer, the
Cenomanian-Callovian groundwater complex, and the Bajocian aquifer.

The standard output of the Darcy Flow tool is a raster representation of the residual groundwater volume
balance, which measures the difference between water flow into and out of each model cell. The final
groundwater volume balance is used to check the consistency of groundwater flow datasets. The total change
in water reserves in the studied area is equal to the sum of all elements of the water balance (Tonkin and
Doherty, 2005). Such an analysis allows creating a raster image of groundwater flow vectors. The
standard output raster is a residual groundwater volume balance raster that measures the difference
between water flow into and out of each cell. Since the flux calculation is performed through each of
the four cell walls independently (the flux is governed by the difference between adjacent cells), it is
possible that more (or less) water may enter the cell than leave it, resulting in a positive (or negative)
value of balance balance.

Smooth, conform input rasters with no sources or sinks should produce small residuals close to zero.
Large residual values indicate that the master raster is not acceptable relative to the permeability,
porosity, and aquifer capacity rasters. Of particular importance is the groundwater head raster for each
cell. When large residuals are detected, the input data will be inconsistent and give unreasonable
results, leading to erroneous results in subsequent simulations.

The first step in modeling groundwater flow is to determine the velocity and direction of flow at each
point in the flow field. Darcy Flow does this and calculates the volume balance in each raster cell,
which should be small in the absence of additional sources or drains, such as operational
hydrogeological wells. A zero residual volume balance indicates a balance between flow into and out
of the cell.
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The second purpose of the Darcy Flow analysis is to calculate the flow field using Darcy's law. The
flow field is a vector field of groundwater seepage rates. It is expressed by two rasters: one for
magnitude and the other for direction.

Results

In order to achieve the set goals, the researchers created shapefiles of the parameters of the
aforementioned aquifers of the Antonivskoye deposit. In the process of work, an attribute table was
created in which wells were registered. Hydrodynamic surfaces of aquifers were also reproduced. To
do this, a column of hydrostatic groundwater level data and the approximation method (IDW) were
used for each well for each aquifer.

Next, maps of water conductivity coefficients, porosity coefficients and thickness of water-bearing
rocks were constructed for the mentioned aquifers. The results of this study helped to better
understand the dynamics of aquifers and more accurately reproduce the hydrodynamic situation.

Analyzing the obtained rasters of groundwater flow direction, we can conclude that in each aquifer there is a
shift in the flow in the direction of water intakes, i.e. towards the operating wells. This creates the conditions
for the emergence of depression funnel and well interaction. In general, the results of the spatial analysis
indicate that the anthropogenic factor is present and affects the processes of water filtration in the studied
aquifers. At present, such factors do not particularly lead to changes in the groundwater regime or such
changes are insignificant and do not lead to changes in the general condition of aquifers. The results of the
work carried out are the maps of the water balance of the horizons, which are shown in Fig. 1.

The situation with the groundwater balance shows the state of the aquifer system, changes in water content,
and takes into account seasonality and changes in aquifers. The optimal value is close to zero. This shows that
the system is in equilibrium, and the recharge and discharge of water in the aquifers are interdependent and
kept at the same level. It can be said that the state of the Antonivske groundwater deposit in Kyiv is exactly
like this.

Oligocene-Miocene aquifer Cenomanian-Callovian groundwater complex Bajocian aquifer

Balance according to Darcy
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Figure 1 Map of the aquifer balance of the Antonivske groundwater deposit
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Conclusions

The results of the study include the construction of maps of hydrodynamic groundwater heads, water
conductivity coefficients, porosity coefficients of host rocks, aquifer thicknesses, and a groundwater
balance map.

This approach was applied for the first time in this area, which allowed us to model the water balance
and draw conclusions about the quantitative relationships between different aquifers. The aquifer
system is in equilibrium, and recharge and discharge in the aquifers are interdependent and remain at
the same level.
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