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This study develops and tests a GIS-based methodology for modeling the distribution of
microelements in surface waters using the Triangulated Irregular Network (TIN) interpolation
method. The approach was applied to historical hydro-lithochemical survey data from the Poltava
Region (Ukraine) to spatially interpolate barium (Ba) concentrations and identify zones exceeding
established critical thresholds. The methodology integrates stages of data preparation, geocoding,
interpolation, classification, and spatial analysis, followed by quantitative assessment of contaminated
areas. Barium was selected as the primary indicator due to its high sensitivity to anthropogenic
impacts and the completeness of available datasets for two survey periods (1985-1988 and 1991-—
1993). Statistical analysis revealed a lognormal distribution of Ba concentrations, justifying the choice
of the TIN method for preserving local spatial variability. Interpolated surfaces were clipped to
administrative boundaries, and exceedance zones were extracted as vector layers for area calculations
using geodetic parameters of the WGS84 ellipsoid. The results demonstrated a significant increase in
the exceedance area from 2,408.62 km? (4.24% of the region) in 1985-1988 to 21,354.60 km?2
(37.55%) in 1991-1993. These findings indicate a substantial expansion of contamination zones over
time, highlighting the influence of anthropogenic activities and environmental changes. The
developed methodology is adaptable to various regions and chemical components, providing a reliable
framework for environmental monitoring and risk assessment. It can be applied to contemporary
datasets for rapid evaluation and long-term observation of surface water quality, supporting decision-
making in environmental management and conservation planning.
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Introduction

Surface water pollution is one of the most critical environmental challenges due to its direct impact on
human health, biodiversity, and ecosystem stability. The accumulation of toxic elements disrupts
ecological balance, leading to the degradation of aquatic environments and the bioaccumulation of
harmful substances in living organisms (Shukla et al., 2025). Effective monitoring of heavy metals in
surface waters is essential for assessing pollution levels, identifying potential sources of
contamination, and developing measures to mitigate environmental risks (Dzhumelia et al., 2024;
Biedunkova & Kuznietsov, 2024).

Traditional monitoring approaches based on localized field measurements offer limited possibilities
for spatial analysis and fail to capture regional patterns of contamination. Furthermore, regular field
investigations are resource-intensive, complicating the implementation of systematic long-term
monitoring programs (Aydoner, 2024). Geographic Information Systems (GIS) provide powerful
tools for integrating, processing, and visualizing spatially distributed environmental data, enabling
advanced spatial interpolation and modeling techniques to be applied (Pal et al., 2025).

Despite the growing use of GIS in environmental monitoring, methodological gaps remain in adapting
models to unevenly distributed data, selecting appropriate interpolation methods, and ensuring
comparability of results across time (Adedapo & Zurgani, 2024; Semenchuk, 2022). This research
addresses these challenges by developing a GIS-based methodology for modeling the distribution of
microelements in surface waters. The approach uses the Triangulated Irregular Network (TIN) method
to preserve local spatial variability and identify zones exceeding regulatory thresholds (Sivasubramani
etal., 2011; Jha et al., 2010). The methodology was tested using historical hydro-lithochemical survey
data, with barium selected as a key toxicological indicator due to its sensitivity to anthropogenic
influence (Klypa, 2024a, 2024b).

Method and Theory

The proposed methodology is based on the integration of historical hydro-lithochemical survey data
into a GIS environment to model the spatial distribution of microelements in surface waters. Similar
approaches combining statistical analysis and GIS-based interpolation have been applied in regional-
scale water monitoring studies (Maliqi & Penev, 2020; Shukla et al., 2025).

Data preparation involved the geocoding of sampling points, standardization of measurement units,
and organization of attribute information. Statistical analysis was performed to assess data distribution
and variability, revealing a lognormal pattern for Ba concentrations. Based on this, the Triangulated
Irregular Network (TIN) interpolation method was selected to preserve local spatial variability and
avoid excessive smoothing of values, which is essential for accurately delineating contamination
boundaries (Semenchuk, 2022; Sivasubramani et al., 2011).

The spatial distribution of sampling points from the hydro-lithochemical surveys is shown in Figure 1.
The first dataset (1985-1988) contains 264 sampling locations, while the second (1991-1993)
includes 560 locations, ensuring sufficient spatial coverage for interpolation. Differences in sampling
density between the two periods were taken into account during the selection of the interpolation
method.

The interpolation process was carried out in QGIS, producing continuous surfaces of Ba
concentrations for each period. These surfaces were clipped to the administrative boundaries of the
study area to avoid extrapolation beyond the actual sampling coverage. Critical concentration
thresholds were applied according to national and international water quality standards, enabling the
classification of areas into zones exceeding and not exceeding permissible limits.

Binary raster layers representing exceedance zones were generated and vectorized. Geodetic
calculations, based on the WGS84 ellipsoid, were performed to determine the total area of
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contamination and its proportion relative to the study area.
The total exceedance area was calculated as the sum of polygon areas where concentrations exceeded
the threshold:

Sexceed = Z?:lAi (1)
where A; — is the area of the i-th polygon, and n — is the number of polygons representing threshold.

The proportion of this area relative to the total study area was expressed as a percentage:

Sexcee
Pexceea = 4 4100 ()

Stotal

where P,,.ceq — proportion of the study area with concentrations above the critical threshold (%),
Sexceeqd — total exceedance area, and S;,¢q; — total study area.

Results

The application of the TIN interpolation method in QGIS produced detailed spatial distribution maps
of barium (Ba) concentrations in surface waters for the two survey periods (1985-1988 and 1991
1993). The resulting models preserved local variability in concentration values, which is essential for
maintaining the accuracy of spatial analysis, and allowed for the precise delineation of contamination
zones (Figure 1) (Semenchuk, 2022; Sivasubramani et al., 2011).

Legend:

Red - Ba concentration > 0.02 mg/L

Blue — Ba concentration < 0.02 mg/L

Black line — administrative boundary of Poltava
region

a — data for 1985-1988

b — data for 1991-1993

Figure 1. Spatial distribution of Ba concentrations in surface waters of the Poltava Region (1985—
1988; 1991-1993), generated using the TIN method

Classification of the interpolated surfaces using the established critical threshold of 0.02 mg/dm3
revealed a significant increase in the extent of exceedance zones between the two periods. In 1985—
1988, the total exceedance area was calculated at 2,408.62 km?2, representing 4.24% of the study area.
By 1991-1993, this area had expanded to 21,354.60 km?, accounting for 37.55% of the region. This
dynamic indicates a marked spatial growth of contamination, transforming from initially localized
patches concentrated in the central part of the region into extensive, continuous zones that spread
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across the majority of administrative districts (Figure 2) (WHO, 2022).
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Figure 2. Comparative dynamics of exceedance zones for Ba concentrations above 0.02 mg/dm?

The observed expansion of contamination zones can be attributed to intensified anthropogenic
activities, including industrial operations, agricultural runoff, and the reduced natural filtration
capacity of watershed systems. In addition, climatic variability and hydrological changes could have
contributed to the spatial redistribution of pollutants, amplifying the observed contamination patterns
(Shukla et al., 2025, Klypa, 2024a).

The obtained results are valuable for both environmental monitoring and water management, as they
highlight the practical importance of spatially explicit approaches in assessing water quality. By
identifying priority areas with elevated contamination, the proposed methodology establishes a spatial
basis for optimizing sampling strategies, allocating resources for remediation, and forecasting
potential risk zones with higher accuracy. In addition, the clear visualization of contamination
dynamics significantly improves communication with decision-makers and stakeholders, thereby
facilitating the integration of GIS-based analysis into long-term environmental planning and
sustainable resource management (Pal et al., 2025; Klypa, 2024b).

Conclusions

The developed GIS-based methodology, tested using the Triangulated Irregular Network (TIN)
interpolation method, proved effective for identifying and quantifying zones of elevated barium
concentrations in surface waters. By preserving local spatial variability, the approach ensured accurate
delineation of contamination boundaries, even with unevenly distributed sampling data.

The analysis of two survey periods (1985-1988 and 1991-1993) revealed a substantial increase in the
extent of contamination zones, from 4.24% to 37.55% of the study area, which highlights intensified
anthropogenic pressure on water resources. This emphasizes the importance of spatially explicit
environmental assessments for understanding pollution dynamics and for supporting timely
interventions.

The methodology is adaptable to other regions, pollutants, and environmental components, including
soils and atmospheric air. It can be applied both for rapid evaluations and for long-term monitoring,
enabling the integration of historical and contemporary datasets. The approach supports decision-
making in environmental management by providing both quantitative indicators and visual tools for
risk communication.

Future applications may focus on the integration of satellite data, climate scenarios, and land-use
information, which would further enhance predictive capabilities and provide a basis for scenario-
based environmental planning and ecosystem rehabilitation strategies.
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