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ABSTRACT

Problem statement. The growing global trend of groundwater consumption and excessive groundwater abstraction in many parts
of the world requires an accurate and comprehensive assessment of the potential for groundwater resource development. The EU-
WATERRES international project has begun developing a concept for coordinated management and harmonized monitoring of ground-
water resources in the transboundary areas of Ukraine and Poland. Studying groundwater's natural protection status or vulnerability is
a priority, as groundwater pollution has become a significant environmental problem in recent decades due to the growth of industrial
production and agricultural activities.

Study objective is to analyze the existing materials on the natural protection of groundwater within the study area and to quantify
the vulnerability of the main useful aquifer (MUA) to surface pollution in the cross-border Polish-Ukrainian area.

Methodology involves the quantitative method of groundwater vulnerability assessment by calculating the time of pollutant
penetration into the aquifer through the aeration zone using the modified Bindemann formula and GIS.

Research results. Studies have shown that the most vulnerable among MUA there is an unconfined alluvial Quaternary horizon
(alQ) of the Syan and Dniester River basins. Throughout its entire development, its vulnerability corresponds to the "very high" cate-
gory because of pollution from the surface caused by precipitation filtration. The Upper Cretaceous aquifer (K2) is less vulnerable. The
groundwater of this horizon in the Polish part of the cross-border area is more vulnerable - here the vulnerability corresponds to the
categories "very high" and "high". In the Ukrainian part, the Upper Cretaceous aquifer is characterized by better natural hydrogeological
conditions and is less vulnerable to pollution. The Lower Neogene aquifer, which has a limited distribution on the slopes of the Western
Bug-Syan River watershed within Roztochia, is the least vulnerable to pollution as compared to the others. The lithological composition
of the aeration zone and the thickness of weakly permeable and practically impermeable rocks have a decisive impact on the filtration
time and vulnerability of groundwater to pollutants from the surface by infiltration.

Scientific novelty of the research. For the first time, a quantitative assessment of the vulnerability of the MUAs for the Polish-
Ukrainian cross-border area was carried out. The use of the results of this assessment will facilitate the adoption of appropriate man-
agement decisions for the comprehensive protection of transboundary groundwater, prevention of its pollution, and reduction of an-
thropogenic impact.
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Introduction. The coordinated management of  growing global trend of groundwater consumption,
transboundary groundwater resources (TGR) is be-  exceeding groundwater abstraction in many parts of
coming increasingly important worldwide to mini- the world, an accurate and comprehensive assess-
mize adverse transboundary impacts. Due to the ment of the development potential of groundwater
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resources is needed [13, 23]. The global identification
of TGR began in 2000 under the coordination of the
International Shared Aquifer Resources Management
(ISARM) under the auspices of UNESCO. Since its
foundation, ISARM has launched a number of global
and regional initiatives aimed at inventorying trans-
boundary aquifers and encouraging states to work to-
gether in a mutually beneficial and sustainable manner.

The International Groundwater Resources As-
sessment Centre (IGRAC) is developing a global in-
formation system that facilitates the availability of
relevant information and knowledge on groundwater
resources worldwide, with a focus on developing
countries. Since 2003, IGRAC specialists have been
focusing on the assessment of transboundary aquifers
(TBAs) and groundwater monitoring for their sus-
tainable development and coordinated management.
It is estimated that there are 591 TBAs in the world,
including 317 in Europe [15].

The issue of studying and continuously monitor-
ing the state of water resources for transboundary wa-
ter basins, which involves establishing international
cooperation in this area, is extremely relevant. There-
fore, within the framework of the international pro-
ject "EU-WATERRES: European Integrated Man-
agement System for Transboundary Groundwater
Resources and Anthropogenic Hazards", funded by
Iceland, Liechtenstein, and Norway through the Eu-
ropean Economic Area Grant Fund and the Norwe-
gian Regional Cooperation Grant Fund, the develop-
ment of a concept for coordinated management and
harmonized monitoring of TGR for the pilot area of
the Vistula River basin (Western Bug and San sub-
basins) and part of the Dnister River basin has been
started.

Among many aspects of the project research
tasks, the study of the natural protection or vulnera-
bility of groundwater is a priority, as groundwater
pollution has become a significant environmental
problem in recent decades due to the increasing rate
of industrial production and agricultural activities.
Knowledge on areas that are particularly vulnerable
to pollution helps to properly assess the state of trans-
boundary groundwater, prevent its pollution, make
informed decisions on its protection, and foresee the
consequences of decisions.

Analysis of recent research and publications.
Various models and approaches for assessing the vul-
nerability of aquifers have been developed and tested
in the world over the past three to four decades. Meth-
ods for determining the vulnerability of an aquifer
can be divided into two standard categories - qualita-
tive and quantitative. According to V.M. Shestopalov
and others [10], there are four main types of methods
for assessing the protection and vulnerability of
groundwater: hydrogeological zoning methods, in-
dex-rating methods (qualitative methods), parametric

methods, and modeling methods (quantitative meth-
ods). The latter is based on mathematical modeling of
the processes of filtration and migration of pollutants,
taking into account the physical and chemical inter-
actions in the "migrant-water-rock” system and the
main barrier properties of the geological environ-
ment.

Qualitative methods based on indices combined
with Geographic Information Systems (GIS) are the
most frequently used models, as they facilitate the in-
terpretation of results for users. With their help, maps
are created that describe zones with different levels
of vulnerability, which ease the decision-making pro-
cedure for monitoring and preserving groundwater
quality [10]. The advantages and disadvantages of the
most popular index-based methods (DRASTIC,
GOD, and SI) are analyzed and presented in [14].

Currently, there is no specific definition of the
concept of groundwater vulnerability, as well as a
standard technique for its, since the concept of
groundwater vulnerability is not an absolute property,
but a complex indicator. Therefore, researchers ap-
plying the DRASTIC method often adapt it to their
data or tasks [16]. To ensure that the GIS technique
can provide an effective way of working with the
large amount of spatial data used in the DRASTIC
model, the groundwater vulnerability map can be
confirmed with an additional layer of nitrates or any
other specific contamination values [4, 21]. Some re-
searchers use two different index-based methods to
compare results [11]. The DRASTIC method can be
used both for regional studies and for processing a
significant array of data as the authors did for as-
sessing the vulnerability and risk of groundwater pol-
lution on a pan-African scale [19]. The cartographic
model was also confirmed by data on the concentra-
tion of nitrates in groundwater.

Qualitative methods for assessing groundwater
vulnerability include the hydrogeological zoning
method, which is based on the qualitative categoriza-
tion of vulnerability for the respective selected zones.
It has been used to assess the vulnerability of ground-
water in urbanized areas [1, 5]. Thanks to hydrogeo-
logical zoning by the degree of vulnerability of aqui-
fers and taking into account potential sources of
groundwater pollution, researchers can assess and
visualize the risks of disasters [3].

According to S. Levoniuk and I. Udalov, all
methods have a common drawback as they are aimed
solely at assessing the degree of protection (vulnera-
bility) of groundwater from surface pollution. The
authors believe that it is also necessary to take into
account the impact of deep highly mineralized
groundwater on the quality of drinking water in the
active water exchange zone, given the current geody-
namic activity of the earth's crust in the context of
intensive technogenesis. To this end, researchers
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have proposed their own methodology for the ra-
tional combination of geo-environmental indicators,
which allows for determining the degree of compre-
hensive protection of groundwater from the pollution
of both anthropogenic (surface) and natural (neotec-
tonic) nature [6].

In Ukraine, one of the most widely used methods
for assessing the protection and vulnerability level to
groundwater pollution is the Goldberg method [2]. It
takes into account natural factors and stipulates as-
signing a certain number of conditional points or an
index to an aquifer, the criteria for determining which
are set by the researcher. To assess the security of un-
confined groundwater, the methodology provides for
the determination of the sum of scores, which con-
sists of a score for the thickness of the entire aeration
zone and scores for each low-permeability layer be-
longing to one of three lithological groups in the
structure of the aeration zone: group a - if the poorly
permeable layer contains sandy loam and light loam,
b - loam, and c - heavy loam and clay). A qualitative
assessment of the protection level of confined
groundwater is to assign it to conditional protection
categories, which directly depend on the thickness of
the overlying water-resistant layer.

Quantitative methods for assessing groundwater
vulnerability involve calculating the time (rate) of
penetration of a particular pollutant into an aquifer,
taking into account natural properties of the aeration
zone and migration properties of the pollutant.
Ukrainian researchers 1. Sanina and N. Liuta used the
following formula to calculate the time of penetration
through layered rocks [8]:

my
= )
ko

4o

where Ay is the penetration time, days;

my - thickness of the low-permeable layer, m;

ko - filtration coefficient of the low-permeability
layer, m/day.

According to the authors, such studies are some-
what generalized, especially given that there is very
little data on determining the filtration coefficients of
rocks in the aeration zone for the territory of Ukraine
in general. And to calculate the time of contamination
penetration through the rocks of the layered strata,
which is most typical for the aeration zone section,
the authors recommend using a technique that en-
sures the heterogeneous strata are brought to a single
permeability estimate by its calculating for a less per-
meable layer [8].

In Poland, researchers often estimate vertical
seepage of contamination using the formulas of
Witczak and Zurek, Bachmat and Collin, and Binde-
man. However, these formulas often give unreasona-
ble differences in the results obtained. Tadeusz Mac-
ioszczyk made an attempt to level these differences

by proposing a modified Bindeman formula. In his
opinion, supported by specific examples, the estimate
of vertical seepage in the unsaturated zone obtained
with this modified formula becomes clearly more ra-
tional [18]. The problem of discrepancies between
these equations continues to be discussed by re-
searchers [17]. To establish the most reliable way to
determine the time of vertical seepage, the team of
authors, in addition to the four widely used equations,
used the modeling method employing the HYDRUS
ID numerical code. Calculations and modeling
showed quite variable results of migration time for
conservative contamination depending on the chosen
equation, but the greatest similarity of results ob-
tained by the model is demonstrated by the Mac-
10szczyk equation [20].

Study objective is to analyze the existing mate-
rials on the natural protection of groundwater within
the study area and to quantify the vulnerability of the
main useful aquifer (MUA) to surface pollution in the
cross-border Polish-Ukrainian area.

Methodology — quantitative method of ground-
water vulnerability assessment by calculating the
time of pollutant penetration into the aquifer through
the aeration zone using the modified Bindemann for-
mula and GIS.

Scientific novelty of the research. For the first
time, a quantitative assessment of the vulnerability of
the MUAs for the Polish-Ukrainian cross-border area
was carried out. The use of the results of this assess-
ment will facilitate the adoption of appropriate man-
agement decisions for the comprehensive protection
of transboundary groundwater, prevention of its pol-
lution, and reduction of anthropogenic impact.

Research results. IGRAC identified only one
TGR in the Polish-Ukrainian border area within the
Vistula River basin, Bug River sub-basin (in Ukraine,
the Western Bug River) [15]. In the EU-WATERRES
project, the study covered the transboundary areas of
the San sub-basin (within the San River basin) and
the Dnister River basin (within the water manage-
ment area from the source to the mouth of the Stryi
River) (Fig. 1). The area of the study site is as fol-
lows: within the transboundary basin of the Western
Bug River — 15 575 km?, the San River — 4 569 km?,
and the Dnister River — 5 929 km?.

The choice of the study area was based on the
allocation of hydrogeological units of transboundary
nature - transboundary aquifers (TBA). The hydroge-
ological identification and definition of TBA were
carried out by harmonizing hydrogeological spatial
data between neighboring countries, spatial diversifi-
cation of the development and properties of usable
aquifers, and mapping of the hydroisohypsum sur-
face and aquifer thickness.

The transboundary nature of an aquifer was de-
termined based on the criterion of the potential for
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Fig. 1. Location of the research area

groundwater exchange between neighboring coun-
tries. The absence of groundwater exchange is stated
in the case of the detection of a "dense" boundary of
groundwater flow, which is formed by watercourses
draining a certain aquifer and watersheds [7, 22].

The approach to the division of hydrogeological
units in Poland and Ukraine is similar and consists in
zoning the first usable aquifer. Unified rules for the
division of hydrogeological units within the TGR
have been developed for the first usable aquifer.

The unified hydrogeological map of the Bug,
San, and Dnister River basins identified the main use-
ful aquifers (MUASs) that meet the following criteria:

— provide water yield of more than 50 m*/day;

— have a total thickness of 5 meters or more;

— demonstrate a consistent occurrence over an
area of at least 20 km? (5 km? is allowed if the hydro-
geological conditions are well identified and differ-
entiated in space);

— wells with a flow rate of more than 5
m*/hour.

The MUAs of the Poland and Ukraine border
area include an unconfined aquifer of alluvial Qua-
ternary sediments (alQ); a confined aquifer of Lower
Neogene sediments (N1) and a confined-unconfined

aquifer of Upper Cretaceous sediments (K2) (Fig. 2).
The total area of the MUAS is 2,973 km? in alluvial
deposits (alQ), 16,070 km? in Upper Cretaceous de-
posits (K2), 400 km? in Upper Cretaceous-Quater-
nary deposits in Poland (K2-Q), and 1,724 km? in
Lower Neogene deposits in Ukraine (N1).

Before choosing a method and performing the
groundwater vulnerability assessment within the
Polish-Ukrainian pilot site, we analyzed previous
studies regarding the Ukrainian part of the territory.
In Ukraine, a qualitative assessment of groundwater
protection was performed using the Goldberg meth-
odology to compile and publish "Maps of Natural
Groundwater Protection of the Ukrainian SSR"
scaled 1:200,000 encompassing the whole territory of
Ukraine. We present the map of natural groundwater
protection in the Lviv region, which was analyzed
and modified using GIS [9]. For convenience, we
have separated the distribution of unconfined and
confined groundwater into separate schemes.

Figure 3 shows that unconfined aquifers are
classified as unprotected in the vast majority of the
area of distribution, as they do not have a waterproof
overlay and lie shallow from the ground surface, de-
pending on the relief, the depth varies from 2-4 to 5-
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10 meters. Only minor locally widespread alluvial  qualified as conditionally protected (Fig. 3).
Quaternary waters within the Pre-Carpathian Arte- Figure 4a shows the distribution of the main
sian Basin, which occur at a depth of >10 m (10-25  confined aquifers associated with the Upper Torto-
m) and have clay loam rocks in the aeration zone, are  nian (N1t2; N1ts), Lower Tortonian (N1t1), and Up-
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per Cretaceous (K2) deposits, as well as the non-main
Lower Neogene aquifer (N1), indicating their protec-
tion class. Figure 4b shows the distribution of water-
proof layers with their capacities. The qualitative as-
sessment of the natural protection of confined
groundwater is based mainly on the presence of over-
lying impermeable and slightly permeable rocks and
their thickness. If the thickness of clay and marl rocks
is up to 3 m, the aquifer is classified as "unprotected",
from 3 m to 10 m - "conditionally protected" and >10
m - "protected". Additional factors influencing the as-
sessment of groundwater vulnerability to contamina-
tion are the areas of development of surface karst
forms and zones of tectonic fractures in the thickness
of pre-Quaternary sediments.

Confined groundwater is mostly unprotected or
conditionally protected. Only groundwater of the
Lower Neogene deposits is classified as protected,
except for the areas of karst development, which
worsens their hydrogeological conditions. This is due
to the absence of sufficiently thick water-resistant
layers in the aeration zone above the aquifers. The so-
called "colmatage zone", which is a lithologically
calcified doughy chalk, sometimes sandy, plays the
role of the upper water-bearing layer in the aeration
zone for the Upper Cretaceous aquifer. Hydrodynam-
ically, it separates the Quaternary and Upper Creta-
ceous aquifers and plays an important role in protect-
ing the MUAs from contamination.

Within the pilot area of the Polish-Ukrainian ter-
ritory, we quantified the vulnerability of the MUAs

using the modified Bindemann formula for calculat-
ing the time of water infiltration through the aeration
zone [18]:

m X W,

iz xk,

where ¢ — is infiltration time of precipitation
through the aeration zone, days;

m — thickness of the aeration zone, m;

Wy — volumetric moisture of sediments in the
aeration zone,

i —annual effective infiltration, i = Pxk*, m/day
(where P — is precipitation indicator, m/day; k* —co-
efficient of effective infiltration);

k. —vertical infiltration coefficient of the aeration
zone, m/day.

The values of volumetric moisture (Wo), effec-
tive infiltration coefficients (k£*), and vertical infiltra-
tion of the aeration zone (k:), which depend on the
lithological composition of the aeration zone, are
taken from Witczak and Zurek [24].

Precipitation indicator P for individual TGR was
calculated by us according to the site "Meteopost.
Weather statistics. Climate data by year and month"
(https://meteopost.com/weather/climate/). For the
Western Bug and San River basins, it is 0.00196, and
for the Dnister basin, it is 0.00207 m/day.

In the process of fulfilling the project tasks, the
following vulnerability classification was adopted
based on the time of pollution migration from the sur-
face:

Time of pollution migration from Vulnerability
the surface, years
<5 Very high
5-25 High
25-50 Average
50-100 Low
>100 Very low

It should be noted that taking into account the
experience of Sanina I. and Liuta N., with a hetero-
geneous structure of the aeration zone, we performed
calculations only for the water-resistant layers com-
bined into one [8].

The process of vulnerability study can be pre-
sented as a series of step-by-step plots of the distri-
bution of power, volumetric moisture content of sed-
iments, annual effective infiltration, and vertical in-
filtration coefficient of the aeration zone of the
MUAs (Fig. 5).

Figure 6 shows the results of the assessment of
the vulnerability of the MUAs in the Polish-Ukrain-
ian border area.

The figures of the step-by-step construction of
the vulnerability map show that the value of the volu-

me humidity of the rocks in the aeration zone corre-
lates with the infiltration time the most. A direct cor-
relation between higher value of the volume humidity
and longer time of pollutant filtration from the sur-
face to groundwater is observed. It is well known that
the highest values of volumetric moisture content are
characterized by weakly permeable and practically
waterproof rocks.

The correlation between the aeration zone's
thickness and the filtration time through it is some-
what weaker. Hence, taking into account the previous
conclusion, it follows that the infiltration time is in-
fluenced rather by the thickness of the weakly perme-
able or practically impermeable rocks than by the to-
tal thickness of the aeration zone. The direct depend-
ence of the filtration time on the vertical infiltration
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coefficient of the aeration zone is also evident, and
less obvious with the annual effective infiltration.
The precipitation rate undoubtedly affects filtration
but is not decisive in this process.

The analysis of the performed plots shows that
the vulnerability of 43.5% of the MUAs area is very
high, 37.9% - high, 6.2% - average, 5.9% - low, and
only 6.4% - very low.

The most vulnerable among the MUAs is the un-
confined alluvial Quarterly horizon (alQ). It is wide-
spread in the river valleys of the Dnister and the San
with their tributaries within the Carpathian Foredeep,
lies shallowly from the earth's surface, and is not cov-
ered by thick waterproof layers. The same vulnera-
bility is also characteristic of the aquifer of undivided

nor wor Fal

Upper Cretaceous-Quaternary sediments (K2-Q) in
Poland for similar reasons. Over the entire area of
their distribution, they fully (100%) correspond to the
"very high" vulnerability category to surface pollution.

The Upper Cretaceous aquifer (K2) is less vul-
nerable, which is of the greatest importance for meet-
ing consumer needs in the transboundary area and co-
vers the entire Bug TGR area from the Polissia Low-
land in the north to the Podillia Upland in the south.
Vulnerability of 36% of the area is very high, 50% is
high, 8.2% is medium, 4% is low, and only 2% of the
area falls into the category of very low. It should be
noted that the groundwater of this horizon in the part
of the study area, the Upper Cretaceous aquifer is
characterized by somewhat better natural hydrogeo-
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Fig. 5. Step-by-step construction of the MUAs vulnerability map: a - distribution of aeration zone capacity;
b - distribution of volumetric moisture content of aeration zone sediments; ¢ - annual effective infiltration for
aeration zone sediments; d - distribution of vertical infiltration coefficient of aeration zone sediments
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Fig. 6. The map of the vulnerability of the MUAs for the Polish-Ukrainian border area:
a - by the time of pollution infiltration from the surface; b - by the vulnerability class

logical conditions (higher aquifer thickness, presence  tion zone and the thickness of weakly permeable and
of a "colmatage zone"). There is a tendency for vul-  practically impermeable rocks have a decisive influ-
nerability to decrease from north to south: from very  ence on the filtration time and, accordingly, the as-
high in Polissia to high and medium in Volyn-Podil-  sessment of groundwater vulnerability to pollutant
lya. On the slopes of Roztochia, groundwater of the  penetration from the surface by filtration. Such an as-
Upper Cretaceous horizon (K2) is sufficiently pro-  sessment of the vulnerability of the MUAs, per-
tected (very low vulnerability). However, in this re-  formed by the quantitative method, correlates well
gion, the role of the MUA is taken over by the Lower  enough with the analyzed map of the qualitative as-
Neogene aquifer (N1), which lies hipsometrically  sessment of the natural protection of groundwater.
higher. In fact, the Lower Neogene aquifer (N1), It has been established that the MUAs in the
which has a limited distribution on the slopes of the  study area are poorly protected and therefore require
Western Bug and San Rivers watershed within the  constant monitoring of their condition. The use of the
Roztochia Upland, is the least vulnerable to pollution  results of this assessment will facilitate the adoption
compared to the others. The vulnerability of about  of appropriate management decisions for the compre-
60% of the area is very low, 37% is low, and only 3%  hensive protection of transboundary groundwater,
is very high. prevention of its pollution, and reduction of anthro-
Conclusions. The conducted studies have  pogenic impact.
shown that the lithological composition of the aera-

Bibliography

1. Bonowun II. Oyinka npupooHoi 3axuwjeHocmi ma ypasiueocmi niozemuux 600 mepumopii Jlbeosa 6i0
anmponozenno2o 3aopyonenns / I1. Borowun // Bicnuk Jlvsis. yu-my. Cepisi eeoep. — 2012. — Bun. 40. — 4. 1. — C.
149—155. — Peosicum docmyny: http://publications.lnu.edu.ua/bulletins/index.php/geography/article/view/2039

2. Tonvobepe B. M. (1987). Bzaumocessv 3azpsaznenus noO3eMHblX 600 1 npupooHou cpedvt / B. M. I'onvobepe // bron-
nemenv MOUII. — 1983. —Ne 2. — C. 103-110.

3. Jasubioa, JI. I, I[loozonos, B. M. I'eoinghopmayiiina oyinka pusuxy 3a6pyonenns niozemuux 600 Yepuiciecokoi obaa-
cmi. /JI I JJasubioa, B. M. Iloozono6 // Exonoziuna besnexa ma 3b6anancogate pecypcoxopucmysants. — 2019. — Ne
(1(19). — 59-68. https://doi.org/10.31471/2415-3184-2019-1(19)-59-68

4. €myyk T. B. Oyinka 3axuwjenocmi nio3eMHUX 600 MemoOo0I02iuHi achekmu i npakmuune 3acmocysanus 600 / T. B.
Emyyr // Tidponoecis, eciopoximis i ziopoexonoecis. — 2011. — T.1. — Ne 22. —C. 45-50. Peowcum Oocmyny:
http://'www.library.univ.kiev.ua/ukr/host/viking/db/fip/univ/ggg/ggg 2011 22

5. Kownaxos O. €. [lo numaHus 8pasnueocmi NumHux niozeMuux 600 8 mexcax Kuiscokoi micokoi aenomepayii' 3 ypa-
Xyeaunsam npupoornoi saxuwenocmi / O. €. Kounsikos, O. B. /lunsk, 1. €. Kownsaxosa // Bicnux Odecvko2o Hayiona-
awbroeo yuisepcumemy. Cepis «l eoepagiuni ma eeonoziuni naykuy. —2014. — T.19. — Ne 3(22). — C. 269—-273. Pescum

-81-



Cepis «[eonocis. [eoepagpisi. Ekonozisi», 2023, sunyck 58

docmyny. http://visgeo.onu.edu.ua/article/view/40431

6. Jlesonrwok C. M. Komnnexcna eeoexonoziuna oyinka 3axuwgenocmi numnux niozemuux 600 / C. M. Jlesoniok, I. B.
Yoanoe // Bichux Odecvbroco nayionanvrozo ynigepcumemy. Cepis «I eoepaghiuni ma eeonociuni nHaykuy. — 2018. —
T.23. — Bun. 2(33). — C. 111-133. https://doi.org/10.18524/2303-9914.2018.2(33).146642

7. IHanos []. I'. Oyinka pecypcig niozemHux 600 mpanckopoouHoi misxc Ykpainorw ma Ilonvujero mepumopii 8 pamkax
npoexmy “EU-WATERRES: esponeticbka inmezposana cucmema ynpagiinHa mpaHCKOPOOHHUMU pecypcamu nioze-
MHUX 600 ma awmponozennumu nedesnexkamu” / /. I'. Ilanos, B. FO. I'apacumuyk, T. B. Conoseii, JI. O. Anyw, C. M.
Coxopenko, H. M. Iasnox // Hadpoxopucmyeanns ¢ Yxpaini. Ilepcnexmueu ineecmysanns: Mamepiaiu Coomoi
MIICHAPOOHOI HayKkogo-npaxkmuunol kongepenyii (2021 p., m. JIveis). [lepacasna komicis Yrpainu no 3anacax kopu-
chux  konamun (AK3). —-Tom 2. - K: JHAK3. - 2021. — C. 299-305. Peoxcum OJocmyny:
https.//conf.dkz.gov.ua/files/2021_materials vol 2 net.pdf

8. Canina I.B. Jlocsio pecionanvHux oyiHOK 3aXuyeHoCcmi 600 NePuio2o 6i0 NOBEPXHI 60OOHOCHO20 20PUZOHMY I3 3ACMO-
cysanusam I'IC-mexnonoziu / 1.B. Canina, H.I'. Jloma // Cyuachi npobnemu eeonoeii: 36. nayk. npays, 00 155-piuus 3
OHs HapoOocernnus Tlasna Anonnonosuua Tymroecvkoeo, 15- 17 mpasus 2013 p. — Kuis: @imon, 2013. — C. 309-311.

9. Tkauyk B.I"., Pozenbepe I ®., Kanawnux B.K. Kapma ecmecmeennoil sauuuyenHocmu no03emMHux 600 YKpauHcKoul
CCP. Macwmab 1:200 000. Jlveosckas obracms / B. I'. Tkauyk, I'. @. Pozenbepe, B. K. Karawmnux — K.: 1986. — 52 c.

10. Illecmonanos B. M. Oyenxa 3awuujenHocmu U ya36UMOCMU HOO3EMHBIX 800 C Yuemom 301 bvlcmpou mucpayuu /' B.
M. Illecmonanos, A. C. Boeycrascxuii, B. H. Bybnsace. — Kues: Hu-m eeon. nayxk HAH Yxpaunwr. — 2007. — 120 c.

11. Abdullah T. Groundwater Vulnerability Using DRASTIC and COP Models: Case Study of Halabja Saidsadiq Basin,
Iraq [Texcm] / T. Abdullah, S. Ali, N. Al-Ansari, S. Knutsson, // Engineering, — 2016. — Vol. 8. — P. 741-760. doi:
https://doi.org/10.4236/eng.2016.811067

12. Aller L. DRASTIC: A standardized system for evaluating groundwater pollution potential using hydrogeologic settings
/L. Aller, T. Bennet, J. H. Lehr, R. Petty, and G. Hackett. — Washington: U. S. Environmental Protection Agency. —
1987. —EPA/600/2-85-018. — 252 p.

13. Burchi S. Legal frameworks for the governance of international transboundary aquifers: Pre- and post-ISARM expe-
rience / S. Burchi // Journal of Hydrology: Regional Studies. — 2018. — Vol 20. — P. 15-20.
hitps://doi.org/10.1016/].ejrh.2018.04.007

14. Fannakh A. DRASTIC, GOD, and SI approach for assessing groundwater vulnerability to pollution: a review / A.
Fannakh, A. Farsang // Environmental Sciences Europe. — 2022. — Vol 34. — No 77. — 16 p.
https://doi.org/10.1186/512302-022-00646-8

15. IGRAC. Transboundary Aquifers of the World Map, 2015. https.//isarm.org/transboundary-aquifers-world-map-2015

16. Koztowski, M., Sojka, M. Applying a Modified DRASTIC Model to Assess Groundwater Vulnerability to Pollution: A
Case Study in Central Poland / M. Koztowski, M. Sojka // Polish Journal of Environmental Studies. — 2019. — Vol.
28(3). — No 3. — P. 1223-1231. https://doi.org/10.15244/pjoes/84772

17. Liszkowska E. Nieprawidlowosci przy ocenie czasu przesqczania zanieczyszczen przez strefe aeracji na podstawie
formul obliczeniowych stosowanych w praktyce hydrogeologicznej. Przeglqd Geologiczny. — 2017. — Vol. 65. — Nr.
11/71. — P. 1109-1114. Peocum odocmyny: https.//www.pgi.gov.pl/oferta-inst/wydawnictwa/czasopisma/przeglad-
geologiczny/10289-przeglad-geologiczny-2017-11-1-tom-65.html

18. Macioszczyk T. Czas przesqczania pionowego wody jako wskaznik stopnia ekranowania warstw wodonosnych /' T.
Macioszczyk // Przeglgd Geologiczny. — 1999. — Vol. 47. — Nr. 8. — P. 731-736. Peoicum docmyny: https://geojour-
nals.pgi.gov.pl/pg/article/view/15897/13324

19. Ouedraogo 1. Mapping the groundwater vulnerability for pollution at the pan-African scale / I. Ouedraogo, P.
Defourny, M. Vanclooster // Science of The Total Environment. — 2016. — Vol. 544. — P. 939-953. https:
[/doi.org/10.1016/ j.scitotenv.2015.11.135.

20. Potrykus D. Assessing groundwater vulnerability to pollution in the Puck region (denudation moraine upland) using
vertical see page method / D. Potrykus, A. Gumuta-Kawecka, B. Jaworska-Szulc, M. Pruszkowska-Caceres, A.
Szymkiewicz. — E3S Web Conf. 44, 2018 / 10th Conference on Interdisciplinary Problems in Environmental Protection
and Engineering EKO-DOK. — 2018. — Article Number 00147. — 8 p. https://doi.org/10.1051/e3scont/20184400147

21. Ravindranath I. Spatial mapping for Groundwater Vulnerability to Pollution Risk Assessment Using DRASTIC Model
in Ponnaiyar River Basin, South India / 1., Ravindranath, V. Thirukumaran // Journal of Geology, Geography and
Geoecology. — 2021. — Vol. 30(2). — P. 355-364. https://doi.org/10.15421/112132

22. Solovey T. Hydrogeological Conceptual Model of Transboundary Aquifers with Significant Groundwater Exchange
Potential Between Poland and Ukraine / T. Solovey, V. Harasymchuk, R. Janica, M. Przychodzka, T. Ryvak, O. Tele-
guz, L. Yanush. — UNESCO 2022, 07 September, Paris, France. — 2022. — P. 148—158. — Peswcum oocmyny:
https://unesdoc.unesco.org/ark:/48223/pf0000383775.

23. Wada Y. Assessment of transboundary aquifers of the world — vulnerability arising from human water use / Y.
Wada, L. Heinrich // Environmental Research Letters. —2013. — Vol. 8. —Ne 2. — 13 p. https://doi.org/10.1088/1748-
9326/8/2/024003

24. Witczak S. Wykorzystanie map glebowo-rolniczych w ocenie ochronnej roli gleb dla wod podziemnych / S. Witczak,
A. Zurek // W: Kleczkowski A.S. (red.) Metodyczne podstawy ochrony wod podziemnych. — 1994. — AGH.: P. 155-180.

Authors Contribution: All authors have contributed equally to this work

-82 -



ISSN 2410-7360 BicHuk XapKiscbKko20 HauioHanbHo20 yHieepcumemy imeHi B.H. KapasiHa

References

1. Voloshyn, P. (2012). Assessment of natural protection and vulnerability of groundwater in Lviv from anthropogenic
pollution.  Visnyk of Lviv  University, Series Geography. 40 (1), 149-155. Available at:
http.//publications.lnu.edu.ua/bulletins/index.php/geography/article/view/2039 [in Ukrainian].

2. Goldberg V.M. (1987). Relationship between groundwater pollution and the natural environment. L. Gidrometeoizdat,
248 p. [in Russian].

3. Davybida L., Podholov, V. (2019). Geoinformation assessment of the groundwater contamination risk in Chernihiv
region. Ecological Safety and Balanced Use of Resources, 1(19), 59—68. https://doi.org/10.31471/2415-3184-2019-
1(19)-59-68 [in Ukrainian].

4. lemchuk T.V. (2011). Assessment of groundwater protection: methodological aspects and practical application. —
Hydrology, hydrochemistry and hydroecology. The scientific collection / Editor-in-chief V.K. Khilchevskiy. 1(22), 45—
50. Available at: http.//'www.library.univ.kiev.ua/ukr/host/viking/db/fip/univ/ggg/ggg 2011 22 [in Ukrainian]

5. Koshliakov O.E., Dyniak O.V., Koshliakova LE. (2015). Natural security (vulnerability) of groundwater used for
drinking water supply in Kiev. Odesa National University Herald. Geography and Geology, 19(3(22), 269-275.
https://doi.org/10.18524/2303-9914.2014.3(22).40431 [in Ukrainian]

6. Levoniuk S.M., Udalov LV. (2018). Complex geo-ecological assessment of the protection of drinking groundwater.
Odesa National University Annals. Geography and Geology, 23(2), 33, 111-133. https://doi.org/10.18524/2303-
9914.2018.2(33).146642 [in Ukrainian].

7. Panov D.H., Harasymchuk V.Y., Solovey T.V., Yanush L.O., Sokorenko S.M., Paviiuk N.M. (2021). Assessment of
groundwater resources in the transboundary area between Ukraine and Poland within the framework of the project
"EU-WATERRES: European Integrated Management System for Transboundary Groundwater Resources and An-
thropogenic Hazards" // Subsoil Use in Ukraine. Investment prospects. Proceedings of the Seventh International Sci-
entific and Practical Conference (2021, Lviv). State Commission of Ukraine on Mineral Resources (SCR) - Kyiv: SCR
-2, 299-305. Available at: https://conf.dkz.gov.ua/files/2021_materials vol 2_net.pdf [in Ukrainian].

8. Sanina LV., Lyuta N.H. (2013). Experience in regional assessments of water protection of the first aquifer from the
surface using GIS technologies. Modern problems of geology: Collection of scientific papers, dedicated to the 155th
anniversary of Pavlo Apolonovych Tutkovsky, May 15-17, 2013. Kyiv, Fiton, 309-311. [in Ukrainian].

9. Tkachuk V.G., Rosenberg G.F., Kalashnik V.K. (1986). Map of natural protection of groundwaters in Ukrainian SSR.
Scale 1:200 000. Lviv Region. Kiev, 52 [in Russian].

10. Shestopalov V.M., Boguslavsky A.S., Bublyas V.N. (2007). Assessment of protection and vulnerability of groundwater,
taking into account the zones of rapid migration. Kiev, 120. [in Russian].

11. Abdullah, T., Ali, S., Al-Ansari, N. and Knutsson, S. (2016). Groundwater Vulnerability Using DRASTIC and COP
Models: Case  Study  of Halabja  Saidsadiq  Basin, Iraq. Engineering, 8, 741-760.
https://doi.org/10.4236/eng.2016.811067

12. Aller, L., Bennett, T., Lehr, J.H., Petty, R.H., and Hackett, G. (1987). DRASTIC: A Standardized System for Evaluating
Groundwater Pollution Potential Using Hydrogeologic Setting. USEPA Report 600/2-87/035, Robert S. Kerr Envi-
ronmental Research Laboratory, Ada, 252.

13. Burchi S. (2018). Legal frameworks for the governance of international transboundary aquifers: Pre- and post-ISARM
experience. Journal of Hydrology: Regional Studies, 20, 15-20. https://doi.org/10.1016/j.ejrh.2018.04.007

14. Fannakh A., Farsang A., (2022). DRASTIC, GOD, and SI approaches for assessing groundwater vulnerability to pollution: a
review. Environ Sci Eur 34, 77 (2022). https.//doi.org/10.1186/s12302-022-00646-8

15. IGRAC, 2015. Transboundary Aquifers of the World Map 2015. Available at: https://isarm.org/transboundary-aqui-
fers-world-map-2015

16. Kozlowski, M., Sojka, M. (2019). Applying a Modified DRASTIC Model to Assess Groundwater Vulnerability to Pol-
lution: A Case Study in Central Poland. Polish Journal of Environmental Studies, 28(3), 1223-1231.
https.//doi.org/10.15244/pjoes/84772

17. Liszkowska E. (2017). Nieprawidlowosci przy ocenie czasu przesqczania zanieczyszczen przez strefe aeracji na
podstawie formul obliczeniowych stosowanych w praktyce hydrogeologicznej. Przeglgd Geologiczny, 65, (11/1),
1109-1114. Available at: https://www.pgi.gov.pl/oferta-inst/wydawnictwa/czasopisma/przeglad-geologiczny/10289-
przeglad-geologiczny-2017-11-1-tom-65.html [in Polish].

18. Macioszczyk T. (1999). Czas przesqczania pionowego wody jako wskaznik stopnia ekranowania warstw
wodonosnych. Przeglgd Geologiczny, 47(8), 731-736. Available at: https://geojournals.pgi.gov.pl/pg/arti-
cle/view/15897/13324 [in Polish].

19. Ouedraogo 1., Defourny P., Vanclooster M. (2016). Mapping the groundwater vulnerability for pollution at the pan-
African scale. Science of The Total Environment, 544, 939-953. https://doi.org/10.1016/].scitotenv.2015.11.135

20. Potrykus D., Gumula-Kawecka A., Jaworska-Szulc B., Pruszkowska-Caceres M. And Szymkiewicz A. (2018). As-
sessing groundwater vulnerability to pollution in the Puck region (denudation moraine upland) using vertical seepage
method. E3S Web Conf. Volume 44, 2018/ 10th Conference on Interdisciplinary Problems in Environmental Protec-
tion and Engineering EKO-DOK 2018. 00147, 8. https://doi.org/10.1051/e3scont/20184400147

21. Ravindranath, 1., & Thirukumaran, V. (2021). Spatial mapping for Groundwater Vulnerability to Pollution Risk As-
sessment Using DRASTIC Model in Ponnaiyar River Basin, South India. Journal of Geology, Geography and Geoe-
cology, 30(2), 355-364. https://doi.org/10.15421/112132

22. Solovey T., Harasymchuk V., Janica R., Przychodzka M., Ryvak T., Teleguz O., Yanush L.. (2022). Hydrogeological

-83 -



Cepis «[eonocis. [eoepagpisi. Ekonozisi», 2023, sunyck 58

Conceptual Model of Transboundary Aquifers with Significant Groundwater Exchange Potential Between Poland and
Ukraine. UNESCO, Paris 07 SP, France, 148-158. Available at: hitps://unesdoc.unesco.org/ark:/
48223/pf0000383775.

23. Wada Y. and Heinrich L. (2013). Assessment of transboundary aquifers of the world—vulnerability arising from hu-
man water use. Environmental Research Letters, 8, (2024003), 13. https://doi.org/10.1088/1748-9326/8/2/024003
24. Witczak S.& Zurek A. (1994). Wykorzystanie map glebowo-rolniczych w ocenie ochronnej roli gleb dla wod

podziemnych [W:] Kleczkowski A.S. (red.) Metodyczne podstawy ochrony wod podziemnych, AGH: 155-180.

OuiHnka Bpa3JMBOCTI MiI3eMHUX BOJ
B MeKaX TPAHCKOPAOHHMX TepuTopii Ykpainu ta Iloaburi
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K. T€0II. H., KepiBHUK Jlaboparopii npodiem reoexosorii,

'TacTuryT reomorii i reoximii roprounx komanmua HAH Vkpainw,

Bys1. Haykosa, 3a, JIsBiB, 79060, Ykpaina;

Joboe Anyw ’,

nposiguuit imkenep, 2 JIT1 "3axixykpreonorisa" [TpAT HAK "Hanpa Ykpaiuu",
1. MinkeBu4a, 8, JIbBiB, 79005, Ykpaina;

Temsana Conoeeii >,

II. Teorp. H., Ipodecop, ° IIonbCHKUIA T€0NOTiYHMA iIHCTUTYT —
HarmionansHuit HayKOBO-JOCTITHUH IHCTHTYT,

Byn. PakoBemnpka, 4, Bapmasa, 00-975, ITonpmia;

JImumpo Ianoe °,

HaYaJIbHUK BIAJUTY T€ONOTii i BUpOOHHUIITBA;

Bacunv F'apacumuyk ',

K. T€OJI. H., CT. HayK. CIiBpo0. Jadoparopii mpobieM reoekosorii

B pamkax mixxaaponHoro npoekty “EU-WATERRES: €Bporeiicbka iHTerpoBaHa cucTeMa yIpaBiliHHS TPaHCKOP-
JOHHHMMH ITiI3eMHIMH BOJHHMH pECypCaMu Ta aHTPOIIOTeHHHMH HeOe3NeKaMu” po3ovaTro po3poOKy KOHIEIIT CKoop-
JTUHOBAHOTO YIPABIiHHS Ta TAPMOHI30BAHOTO MOHITOPHHTY TPAHCKOPAOHHHUX BOZOHOCHUX TOPU30HTIB IS MUTOTHOT Mi-
nsHKY Oaceitny piku Bicna (cy0baceitan pidok 3aximauii byr, CsH) Ta yactuam Oaceiiny piku JlHicTep. BuBueHHS mpu-
POIHOT BPa3MUBOCTI MiA3EMHHUX BOJ CTAJ0 BAXKIMBOIO YAaCTHHOIO OCIIIKeHb, OCKUTBKH 3a0pyIHEHHS MiI3eMHUX BOJ B
OCTaHHI JACCATHIITTS € BArOMOIO EKOJIOTTYHOI0 MPOOJIEMOI0 Yepe3 3pOCTaHHS TEMINB IMPOMHUCIOBOIO BUPOOHHUIITBA Ta
CLIIBCHKOTOCIIOAAPCHKOT AISLUTLHOCTI. ABTOpaMH IPOAHATI30BaHO MaTepiald BUBYCHHS MIPUPOIHOT 3aXUIIIEHOCTI Mia3eM-
HUX BOJ Y MeXaXx JIOCJIDKYBaHOI TEpUTOPIT MonepeHIMU AOCIIIHUKAMU Ta MPOBE/IeHa KUIbKICHA OIlIHKA BPa3JIMBOCTI
OCHOBHOI'O KOPHCHOTO BojioHOCHOTO ropu3oHTy (OKBI') mo 3a0pyaHeHHs 3 MOBEpXHi 32 MOIU(IKOBAaHOW (HopMyIIor
Binnemana i Bukopuctanusm ['IC. JlocmimpkeHHst mokas3ainy, 1o Haioubin BpasaueumM cepen OKBI' e OesnamipHuii anro-
BiaJIbHUI YeTBepTHHHUHN ropu3oHT (alQ) OaceitniB piuok CsiHy Ta [HicTpa. Ha BCiif mioli cBOro po3BUTKy HOro Bpas-
JIMBICTH BIINOBiAA€e KaTeropii "ayxe Bucoka" N0 3a0pyAHEHHS 3 OBEPXHIi 3a paxyHOK (ibTpamii arMoc(hepHHUX ONaIiB.
MeH1 BpasiauBUM € BepXHbOKpeimoBuil BonoHOCcHUH ropu3oHT (K2). ITin3eMHi Boay 1bOTO TOPU30HTY HA IOJILCHKIN
YaCTHHI TPAHCKOPAOHHOI TEPUTOPIi € OLIBII Bpa3JIMBIUMU - TYT BPa3JIMBICTh BiANOBIa€e KaTeropisM "maysxe Bucoka" i "Bu-
coka". Ha ykpaiHCBKilf 9acTHHI BEpXHbOKPEHITHUI BOJOHOCHUN TOPH30HT XapaKTEPU3YETHCS KPAIIUMH IIPUPOTHUMHU
T1IPOTreoIOTIYHIMHI YMOBAMH 1 € MEHII BPA3JIMBUM 10 3a0pyaHeHHs. HIDKHbOHEOTeHOBHI BOOHOCHUH TOPU30HT, SIKMH
Mae oOMerkeHe IOITMPEHHS Ha CXMWIax BomoAiny pidok 3axigauit Byr-CsH B Mexxax Po3Toddst, € HaiiMeHII BPa3IUBUM 0
3a0pyIHEHHS MOPIBHSHO 3 IHIIMMHU.

Knrouosi cnosa: niozemui 600u, 8pasiugicms, mpanckoOpOOHHUL 6000HOCHUL pe3ep8yap, 0OCHOBHUL KOPUCHUL 8000-
HOCHULL 20pU30HM, NOJIbCLKO-YKPAIHCLKE MPAHCKOPOOHHS.

BHecoK aBTOpiB: BCi aBTOPW 3p06MIM PiBHUI BHECOK Y L0 poboTy Hagijiiwna 19 ksitHa 2023 p.
MpuitHaTa 20 TpasHa 2023 p.
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