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Abstract

This study presents a 50-year spatiotemporal analysis of the evolution and environmental management of the Benkovski
tailings facilities in Bulgaria, based on the integrated application of satellite remote sensing, spectral analysis, and
Geographic Information Systems (GIS). Covering the period from 1975 to 2025, the research evaluates long-term
changes in facility extent, surface characteristics, and surrounding land use within an active mining context. Multi-
temporal satellite imagery and spectral indices are used to distinguish between water bodies, tailings materials,
reclaimed surfaces, and vegetation cover, enabling objective interpretation of surface dynamics over time. The applied
methodology supports systematic monitoring of operational phases, reclamation activities, and landscape
transformation, providing consistent quantitative and visual evidence of environmental performance. The results
indicate that the tailings facilities have been developed and managed in accordance with national and international
environmental standards. Early reclamation measures have led to successful stabilization and ecological restoration of
decommissioned areas, while continuous monitoring contributes to environmentally responsible operation of active
Jacilities. Overall, the Benkovski case study demonstrates the value of geospatial technologies as reliable tools for long-
term environmental monitoring and sustainable tailings management in the mining sector.
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INTRODUCTION

Tailings storage facilities play a critical role in the mining industry, serving as repositories for waste materials generated
during mineral extraction and processing (Adamo et al. 2020). The management and monitoring of these structures are
of paramount importance for ensuring environmental sustainability, public safety, and compliance with regulatory
requirements (Sreekumar et al. 2024).

Over the years, technological advancements have introduced new tools and methodologies for improving tailings
monitoring, with multispectral remote sensing emerging as a particularly promising approach (O’Donovan et al. 2022,
Lyu et al. 2021, Che et al. 2018). Multispectral remote sensing involves the acquisition of information from different
regions of the electromagnetic spectrum, enabling the characterization of surface materials based on their spectral
signatures. Its ability to detect subtle changes in surface composition, moisture content, and vegetation health provides
valuable insights into the condition and evolution of tailings facilities (Xue et al. 2017). Furthermore, the integration of
spectral indices derived from multispectral and multi-temporal data represents a non-invasive and cost-effective
approach, delivering diverse and reliable information relevant to tailings monitoring.

An analysis of research related to the monitoring of tailings facilities using remote sensing has been conducted. Most
studies focus on topics such as extracting tailings ponds from high-resolution remote sensing images (Lyu et al., 2021),
remote sensing of decant ponds in tailings dams (O'Donovan et al., 2022), tailings dam breach outflow modeling
(Sreekumar et al., 2024), process water ponds in tailings storage facilities (Cacciuttolo et al., 2023), monitoring dam
infrastructure (Minhui et al., 2019), change detection for mining instability (Huang et al., 2023), ecological effect
assessment of mining area reclamation (Li et al., 2025), tailings dam failure (Adjiski et al., 2025), dam deformation
monitoring (Scaioni et al., 2018), potential dam breach analysis and flood wave risk assessment (Psomiadis et al.,
2021), dam safety (Adamo et al., 2020), land reclamation in mining areas (Wang et al., 2023), safety risk assessment of
iron tailings ponds (Che et al., 2018), and stability of tailings dams (Zhang et al., 2020).
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Only a few of the reviewed studies (Li et al., 2025; Wang et al., 2023) address the analysis of reclamation in mining
activities using remote sensing. The study by Li et al. (2025) examines the role of remote sensing technologies in
assessing the ecological effects of mining area reclamation. It emphasizes the use of multispectral imagery, spectral
analysis, and GIS-based methods to monitor vegetation restoration, land-use changes, and overall environmental
improvement following mining activities. The study also discusses key challenges and limitations related to data quality
and applied methodologies, concluding that methodological improvements are necessary to increase the accuracy of
ecological assessments.Similarly, Wang et al. (2023) developed a comprehensive system for assessing the quality of
land reclamation in mining areas using remote sensing. The authors combined satellite-derived surface parameters with
an index system covering project quality, soil quality, and environmental benefits. They established and validated a
quantitative model that accurately evaluates reclamation outcomes in a coal mining area. Their results confirmed the
feasibility and reliability of using remote sensing and GIS data for the scientific assessment of reclamation quality.

All of the mentioned studies emphasize monitoring through remote sensing and GIS; however, no study was identified
that specifically focuses on tailings dam reclamation. Instead, the research either addresses deformation and decant
lakes in tailings dams or analyzes the reclamation of mining sites such as mines and quarries. Additionally, most of the
reviewed studies cover relatively short time periods, whereas mining activities typically extend over long durations.
Therefore, it is important that research on such facilities encompasses the longest possible time span.

The main objective of this study is to track and analyze the changes resulting from 50 years of operational processes
and the long-term development of the Benkovski 1 and Benkovski 2 decant lakes using multispectral satellite data.
Particular emphasis is placed on the spatiotemporal monitoring of reclamation processes and decant lakes, as these
elements represent key indicators of the operational condition, ecological performance, and long-term stability of the
tailings facilities, and, as noted above, have not been studied in detail. Additionally, this study demonstrates the
feasibility and practical applicability of multispectral remote sensing for comprehensive tailings pond monitoring by
utilizing freely available satellite imagery from the Landsat and Sentinel-2 missions, together with open-source software
such as QGIS and SNAP, without the burden of significant financial investment.

By combining historical and contemporary satellite data within a unified analytical workflow, the study establishes a
consistent methodology for the long-term monitoring of the tailings facility. The results highlight the potential of open-
access remote sensing data to support reliable environmental assessments across the different stages of the tailings
facility life cycle.

MATERIALS AND METHODS
Workflow

To ensure accurate monitoring of the development and improvement of the tailings facility, the selection of satellite
imagery is of critical importance and must be processed in a standardized and unified manner. For this purpose, an
appropriate workflow is required that enables a reliable, precise, and comprehensive assessment of the key
characteristics of the object of interest. Accordingly, the principles of passive optical remote sensing, the spectral
behavior and surface properties of different land cover types (such as healthy vegetation and water-covered tailings), as
well as established satellite image processing techniques, were taken into account. Based on these considerations, a
dedicated workflow for analyzing reclamation activities, decant lakes, and the overall dynamics of the tailings facility
was applied, as illustrated in Figure 1. The multispectral satellite imagery was processed entirely through digital image
processing using the SNAP software developed by the European Space Agency. For the creation of thematic layers,
maps, and data integration, the QGIS software was utilized. For the purposes of this study, all images, datasets, and
software tools used are freely available and open-access.
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Figure 1. Workflow for analyzing a tailings storage facility
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Case study

The present research focuses on the Benkovski tailings storage facility, operated by Ellatzite-Med AD and situated in
the Sofia region of Bulgaria (Fig. 2). The Benkovski complex comprises two sequentially developed tailings facilities
reflecting different stages in the operational lifecycle of the mining enterprise. The initial facility, Benkovski 1, was
constructed to support the early production phases of the mine. Following the attainment of its design capacity, the
facility was progressively decommissioned and subjected to comprehensive reclamation measures. These measures
included terrain reshaping, placement of a humus layer, and the establishment of permanent vegetation cover, resulting
in the full restoration of the land surface and its conversion into a stable and environmentally secure area (reclamation).
At present, Benkovski 1 (Fig. 3A) represents a successful example of post-mining land reclamation, fully integrated into
the surrounding landscape.
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Subsequent to the closure of Benkovski 1, the Benkovski 2 tailings storage facility (Fig. 3B) was developed to ensure
continuity of mining operations. Benkovski 2 receives tailings generated from the flotation processing of ores extracted
from the Ellatzite porphyry-copper deposit. The facility has a designed area of approximately 490 ha and a total storage
capacity exceeding 312 million cubic meters. Structurally, the facility is divided into two operational sectors, Ai Dere
and Suludja Dere, which function alternately in accordance with annual engineering designs. Tailings are transported
hydraulically as a pulp with a solid-to-water ratio of 1:3 and subsequently segregated into sand and fine fractions. The
sand fraction is utilized in the construction of the tailings dam supporting prism, while fine materials are deposited
upstream toward the decant lakes. Since its commissioning, Benkovski 2 has been managed under a framework of
modern environmental practices, including continuous monitoring aimed at minimizing environmental impact.

Figure 3. Views of the Benkovski taikirigs storage facilities
A - Reclaimed section of Benkovski 1; B - Benkovski 2 tailings storage facility

Datasets

For the purposes of this study, a 50-year study period was selected, covering the years from 1975 to 2025. This
extended period was chosen in order to capture the entire operational lifecycle of the Benkovski 1 and Benkovski 2
tailings facilities.

One of the main challenges in selecting imagery for remote satellite analysis is cloud cover and seasonal bias. Cloud
cover hinders optical imaging because clouds obstruct optical sensors, leading to data gaps and obscured surface
characteristics of the observed features (Rahimi et al., 2024). Seasonal bias refers to errors and/or inconsistencies in
data that depend on the time of year. This typically occurs when satellite images acquired in different seasons are
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analyzed without accounting for the influence of varying climatic conditions, resulting in distorted outcomes that are
not representative of annual conditions (Zhu et al., 2014).

To mitigate these issues, it is essential to select multispectral satellite images with no or minimal cloud cover and at the
same time to be captured during the same month or period each year. This approach ensures comparability of vegetation
phenology across years, consistent moisture conditions, and guarantees that detected changes reflect the actual
dynamics of the tailings facilities rather than seasonal variations (Ayele et al., 2018).

For this reason, satellite imagery acquired in June was primarily selected. During this month, meteorological conditions
are generally stable, predominantly sunny, and characterized by lower cloud cover and precipitation compared to other
periods of the year. This ensures phenological consistency throughout the 1975-2025 time series, minimizes the
influence of seasonal vegetation variability, and improves the reliability of multi-temporal change detection.

Satellite imagery from the Sentinel-2 and Landsat missions was used in this study. These missions were selected
because they meet the requirements for analyzing the study area. The optical multispectral imagery offers suitable
spatial resolution, a revisit time of several days, and coverage of the required electromagnetic spectrum ranges
(Sentinel-2 User Handbook, 2015 & Landsat Data Users Handbook).

In total, 51 multispectral images were used, of which 42 were acquired by Landsat satellites and 9 by Sentinel-2. To
determine changes in the boundaries of the tailings facilities, images covering the same area at different points in time
were analyzed. Accordingly, one cloud-free image per year acquired in June (or a nearby month) was selected. The
characteristics of the satellites used (Table 1, Sentinel-2 User Handbook, 2015 & Landsat Data Users Handbook) and a
list of the images used (Table 2) are presented.

Table 1. Characteristics of satellites

Satellite Sensor Spectral bands Resolution
Landsat1 MSS (Multispectral Scanner) 4 (Visible and NIR) ~80m
Landsat2 MSS (Multispectral Scanner) 4 (Visible and NIR) ~80m
MSS (Multispectral Scanner) -
Landsat 4 TM (Thematic Mapper) 7 (Visible, NIR, SWIR, Thermal) 30 m/120 m
Landsat 5 TM (Thematic Mapper) 7 (Visible, NIR, SWIR, Thermal) 30 m/120 m
+ .
Landsat7 = W+ (Enhanced Thematic o\, 00 NIR, SWIR, Panchromatic, Thermal) 15 m/30 m/60 m
Mapper Plus)
Landsat 8 OLI (Operational Land Imager) 9 (Visible, NIR, SWIR, Thermal, coastal aerosol and 15 m/30 m/150 m
TIRS (Thermal Infrared Sensor) cirrus)
Sentinel 2 MSI (Multispectral Instrument) 13 (Visible, NIR, Vegetation Red Edge, SWIR) 10 m/20 m/60 m
Table 2. Datasets used in the study

Ne Date Satellite Ne Date Satellite Ne Date Satellite

1 June 12, 1975 Landsat1 18 August1,1992 Landsat5 35 June 13,2009 Landsat5

2 August 8, 1976 Landsat2 19 July 3,1993 Landsat5 36 July 11,2010 Landsat5

3 June 11, 1977 Landsat2 20 June 29,1994 Landsat5 37 June 19, 2011 Landsat 5

4 June 24, 1978 Landsat2 21 June 16,1995 Landsat5 38 July 16,2012 Landsat 5

5 June 1, 1979 Landsat2 22 June9,1996 Landsat5 39 June1, 2013 Landsat 8

6 August 6, 1980 Landsat2 23 June 21,1997 Landsat5 40 July 6, 2014 Landsat 8

7 June 25, 1981 Landsat2 24 July1,1998 Landsat5 41 June 23,2015 Landsat8

8 September 8, 1982 Landsat4 25 June 27,1999 Landsat5 42 June 16,2016 Landsat8

9 August 1, 1983 Landsat4 26 June 20,2000 Landsat5 43 June 15,2017 Sentinel 2

10  June 24, 1984 Landsat5 27 July 26,2001 Landsat7 44 June 13,2018 Sentinel 2
11 June 27, 1985 Landsat5 28 July4,2002 Landsat7 45 June 13,2019 Sentinel 2
12 June 23, 1986 Landsat5 29 May 20,2003 Landsat7 46 June 27,2020 Sentinel 2
13 July 19, 1987 Landsat5 30 July1,2004 Landsat5 47 June 24,2021 Sentinel 2
14 June 12, 1988 Landsat5 31 June 27,2005 Landsat5 48 June 17,2022 Sentinel 2
15 June 23, 1989 Landsat4 32 June 30,2006 Landsat5 49 June 24,2023 Sentinel 2
16 July 11, 1990 Landsat5 33 June 24,2007 Landsat5 50 June 11,2024  Sentinel 2
17 June 28, 1991 Landsat5 34 May 25,2008 Landsat5 51 June8,2025  Sentinel 2



Methods
Preprocessing - Subset, Resampling and Collocation

In remote sensing applications, subsetting refers to the delineation and extraction of a spatially limited section from a
complete satellite or aerial image scene. As satellite imagery generally covers broad geographic extents and includes
large data volumes, this procedure is used to restrict the analysis to the predefined study area. By reducing the spatial
scope of the data, subsetting improves the efficiency of data processing, management, and storage, while ensuring that
the analysis remains focused on the area of interest (Stoyanova & Katsarska-Filipova, 2023). In the present study, this
procedure was applied to all 51 multispectral images. Following subsetting, the analysis was confined exclusively to the
Benkovski tailings facilities, resulting in optimized computational performance and reduced processing time without
compromising analytical quality.

In remote sensing analysis, resampling is the procedure through which the spatial resolution of raster datasets is
adjusted by redefining pixel size. This operation converts the original pixel grid into a new grid with a different spatial
resolution (Figure 4). The main purpose of resampling is to achieve spatial consistency among datasets, thereby
allowing meaningful comparison between images or spectral bands acquired at different resolutions. As the image
subsets used in this study originate from multiple sensors with varying spatial characteristics, prior harmonization is
required before further analysis (Stoyanova & Katsarska-Filipova, 2023).

The satellite datasets employed in this research exhibit heterogeneous spatial resolutions, necessitating their
standardization. A target spatial resolution of 30 m was selected as an optimal compromise for harmonizing multi-
sensor imagery acquired over the 1975-2025 period. This resolution corresponds to the native spatial resolution of
Landsat TM, ETM+, and OLI sensors and is widely adopted in long-term environmental monitoring studies.
Consequently, all datasets were resampled to 30 m to ensure temporal consistency and enable robust interannual
comparisons. Higher-resolution Sentinel-2 imagery (10 - 20 m) was resampled to 30 m through spatial aggregation,
whereby multiple fine-resolution pixels were combined into a single representative value. This approach reduces noise
and aligns the data with the observational scale of historical satellite sensors. Conversely, Landsat MSS imagery, which
has a native instantaneous field of view of approximately 60 m and is commonly distributed at an 80 m pixel size, was
resampled to 30 m solely to achieve spatial alignment within the multi-sensor time series, without implying an increase
in actual spatial detail. From a methodological standpoint, downscaling higher-resolution data is scientifically
preferable to upscaling coarse-resolution imagery (Atkinson, 2013). Spatial aggregation preserves genuine observations,
whereas interpolation artificially generates spatial detail that was never recorded by the sensor. This distinction is
especially important for tailings facilities, which are characterized by pronounced spatial heterogeneity, sharp
boundaries, and rapidly changing interfaces between water surfaces, dry tailings, and vegetation. Upscaling coarse data
would artificially fragment mixed pixels, creating false precision and potentially misleading change detection results. In
contrast, downscaling ensures consistent mixed-pixel behavior across all sensors, supporting reliable interpretation of
true spatiotemporal dynamics and enabling robust multi-decadal analysis of tailings facility evolution (Zhu &
Woodcock, 2014).

Figure 4. Resampling (Upscaling and Downscaling)

In remote sensing, collocation refers to the process of aligning and comparing data acquired from different sensors or at
different times in order to ensure spatial and temporal compatibility (Stoyanova & Katsarska-Filipova, 2023). In the
present study, this operation was applied only to the Landsat imagery. The image processing software SNAP is
primarily designed for handling Sentinel data and automatically recognizes and aligns all spectral bands of Sentinel
images into a single, unified product. In contrast, for Landsat imagery it was necessary to perform additional band
collocation to ensure that the spectral bands were properly aligned, allowing them to be effectively combined and
analyzed.



Spectral analysis (NDVI and NDWI)

Spectral analysis is a fundamental approach in remote sensing that examines the interaction between electromagnetic
radiation and surface materials in order to identify, quantify, and monitor their physical properties. By exploiting
differences in reflectance across multiple wavelengths, spectral analysis enables objective characterization of surface
features and their changes over time. Within this framework, spectral indices serve as effective tools for extracting
thematic information from multispectral satellite data. Spectral indices are mathematical combinations of reflectance
values from specific electromagnetic wavelengths captured by satellite sensors. They are designed to quantitatively
represent particular surface properties or characteristics and are widely applied in land cover classification, target and
change detection, vegetation monitoring, mineral exploration, and environmental assessment. By analyzing the shape,
position, and magnitude of spectral signatures, spectral indices facilitate the identification, classification, and
interpretation of land cover types, vegetation condition, water bodies, and other surface features (Stoyanova &
Katsarska-Filipova, 2023). The application of spectral indices to multi-band satellite imagery enables consistent
mapping and monitoring of tailings storage facilities, supporting the detection of spatial patterns, surface dynamics, and
temporal changes associated with their development and operation.

For the spectral analysis of the 50-year evolution of the tailings storage facility, the Normalized Difference Vegetation
Index (NDVI) and the Normalized Difference Water Index (NDWI) represent the most suitable and robust indicators
due to their physical relevance and long-term applicability. NDVI (Eq. 1) is widely used to assess vegetation presence,
density, and health, making it particularly effective for identifying reclaimed areas, monitoring vegetation
establishment, and evaluating the success of progressive rehabilitation over time. NDWI (Eq. 2) (Bahadur, 2018), in
turn, is highly sensitive to surface water and moisture conditions, allowing reliable delineation of decant lakes, wet
tailings zones, and changes in water extent associated with operational and environmental processes. Importantly, both
indices rely on spectral bands in the visible and near-infrared regions that are consistently available across the Landsat
sensor series (MSS, TM, ETM+, and OLI) as well as the Sentinel-2 mission. This spectral continuity enables consistent
multi-decadal index calculation and ensures comparability between historical and contemporary satellite observations.

(NIR — RED)

NDVI = (NIR + RED) (1)

where: NIR = Near-infrared spectral band in satellite images;
RED = Red spectral band in satellite images.

__ (GREEN-NIR)
NDWI = (GREEN+NIR) @)

where: NIR = Near-infrared spectral band in satellite images;
GREEN = Green spectral band in satellite images.

Photo interpretation and Integration of results in GIS

In this study, photo interpretation of multispectral satellite imagery is applied to systematically monitor the Benkovski
tailings facilities, with particular focus on the decant lakes and ongoing reclamation activities. By comparing historical
and contemporary images, spatial changes in water bodies, tailings deposition areas, and progressively rehabilitated
zones are identified and analyzed over time. This approach enables the detection of morphological and surface
alterations associated with operational phases and reclamation measures, providing a comprehensive view of facility
dynamics. The integration of spectral indices such as NDVI and NDWI enhances the precision of this analysis: NDVI
highlights vegetation establishment and growth in reclaimed areas, while NDWI delineates the extent and dynamics of
water bodies, including decant lakes. By combining these indices with visual photo interpretation, subtle changes in
both vegetation recovery and water distribution can be detected more reliably, improving the accuracy of long-term
monitoring. Integrated with GIS for spatial data management and analysis, this combined approach facilitates robust
assessment of facility development, water management efficiency, and reclamation success, supporting informed
decision-making and sustainable management of the tailings site.

RESULTS AND ANALYSES

The workflow in Figure 1 was applied to all 51 satellite multispectral images (Table 2) for the selected 50-year study
period (1975-2025).



Normalized Difference Vegetation Index (NDVI)

Higher NDVI values (dark green) indicate increased vegetation cover and enhanced surface stabilization, reflecting
areas where reclamation measures have successfully established plant communities. In contrast, lower or negative
NDVI values (light green) are consistently associated with barren tailings surfaces or zones undergoing active
deposition, highlighting areas where vegetation has not yet developed or where operational activities dominate (Xue &
Su, 2017). In this study, NDVI was systematically applied to monitor and delineate spatiotemporal changes in both the
development of the tailings facilities and the progress of reclamation processes over time. By providing a quantitative
measure of vegetation health and surface recovery, this index enables a detailed assessment of the effectiveness of
rehabilitation strategies and helps identify areas requiring additional intervention.

In addition to the spatial development of the tailings storage facility, reclamation processes have also been analyzed.
Reclamation activities are implemented according to a predefined and phased program, under which areas that are no
longer operational are progressively rehabilitated in line with environmental protection objectives. These measures play
a critical role in ESG-compliant environmental management, as they permanently mitigate the generation and
dispersion of fine particulate matter, thereby reducing air quality risks and associated impacts on human health and
ecosystems.

Figure 5 illustrates these dynamics, showing the evolution of vegetation cover and surface stabilization across the entire
50-year study period, offering valuable insights into the long-term environmental management and ecological
performance of the Benkovski tailings facilities.
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Figure 5. Spatial and temporal changes in the Benkovski tailings facility

A closer analysis reveals that the first indications of the Benkovski 1 tailings facility appeared in 1977. As shown in
Figure 5, the facility remained in operation for over 30 years, reflecting its structural stability. In 2012, the Benkovski 1
tailings storage facility underwent full technical and biological reclamation (Fig. 6 and Fig. 7). Following the
completion of these remediation measures, the site achieved long-term environmental stability and ceased to be a source
of dust emissions. The successful closure and rehabilitation of Benkovski 1 demonstrate effective risk mitigation and
adherence to environmental standards, fully eliminating post-operational hazards to both the environment and local
communities.
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Figure 6. The complete reclamation of the Benkovski 1 tailings dam wall
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Figure 7. The complete reclamation of the Benkovski 1 tailings storage facility

A closer analysis indicates that the first signs of the Benkovski 2 tailings facility appear in 1996. As shown in Figure 5,
the facility has been in operation for over 30 years and continues to function to this day, which serves as a testament to
its stability and effective management. Since the Benkovski 2 tailings storage facility is still active, reclamation is
implemented progressively. Technical reclamation is complemented by biological restoration, involving the
introduction of selected plant species whose root systems enhance slope stability and reinforce the soil cover. The
following figures illustrate the reclamation measures implemented at various locations across the Benkovski 2 tailings
facility.

Figures 8 and 9 illustrate completed reclamation measures in the southern and eastern zones of the Benkovski 2 tailings
facility. In Figure 9, it can be observed that the reclamation process began in 2017 and was completed in 2020.
Correspondingly, Figure 10 shows that reclamation activities in the eastern zone started in 2017 and were finalized in
2022. Both areas exhibit very positive development, as reflected by consistently high NDVI values, which increase year
by year and indicate the presence of healthy vegetation. This demonstrates not only that the planned reclamation
measures have been successfully implemented, but also that the restored areas are being maintained and continue to
develop positively over time.
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Figure 9. Complete reclamation in the eastern zone of the Benkovski 2 tailings facility

Figure 10 shows two zones of the Benkovski 2 tailings facility that are currently undergoing reclamation. In one zone,
reclamation measures began in 2023, while in the other they started in 2021. Similar to the previously analyzed areas,
both zones exhibit steadily increasing NDVI values over time, indicating that the reclamation measures implemented so
far are effective. The spatial progression of these areas is also clearly visible over time. If necessary, the time series can
be narrowed down to monthly intervals, allowing the applied workflow to track reclamation progress on a daily or
monthly basis, depending on the objectives of the study.

Since the Benkovski 2 tailings facility is still in operation, there are areas where reclamation cannot yet be
implemented. In these locations, an irrigation system is employed to maintain surface moisture and prevent dust
emissions from inactive tailings slopes and beach areas. By the end of the concession period, all exposed slopes are
planned to be fully reclaimed, while the remaining horizontal surfaces and the decant lake will be rehabilitated
following drainage.
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Figure 10. Reclamation in progress on the southern zone of the Benkovski 2 tailings facility

Normalized Difference Water Index (NDWI)

Positive NDWI values (dark blue) correspond to open water bodies or moisture-rich zones, whereas negative values
(light green) reflect dry tailings surfaces and non-inundated material (Xue & Su, 2017)., enabling clear differentiation
of hydrological conditions within the facility. In the present study, this index was employed to systematically monitor
and delineate spatiotemporal changes in the decant lakes within the Benkovski 2 tailings storage facility (Fig. 11).
Knowledge of the exact boundaries of decant lakes is crucial for the analysis of a tailings facility. The spatial
arrangement and dynamics of decant lakes are a direct indicator of the operational status of the facility and the way in
which the water balance is managed (O’Donovan et al., 2022). Changes in the area or shape of decant lakes indicate
changes in the technological process and intensity of disposal or problems with drainage and water removal. In this case
study, no problems related to drainage and water removal were identified, as water management at Benkovski-2 tailings
storage facility follows a closed-loop system with zero discharge to the surrounding environment. All drainage water is
collected and returned to the decant lake through dedicated pumping stations, ensuring efficient water reuse in ore
processing operations. This approach significantly reduces freshwater consumption and supports responsible resource
management in accordance with ESG principles and SDG 6 on sustainable water use.
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Figure 11. Decant lakes of the Benkovski 2 tailings storage facility

As described above, the tailings storage facility is divided into two sections: Ai Dere, located in the southwestern part,
and Suludja Dere, situated in the eastern part. Even without additional quantitative analysis, Figure 11 clearly illustrates
the spatiotemporal changes in the boundaries of the decant lakes over the 10-year period from 2016 to 2025. The figure
allows identification of the years in which each section was predominantly utilized, while the alternating operational
pattern is evident. This operational alternation reflects a balanced and sustainable use of the facility, avoiding excessive
loading or overexploitation of either section.



In the long term, monitoring the spatial evolution of decant lakes allows a reliable assessment of the effectiveness of
water management, environmental impact and compliance with regulatory requirements, especially in the framework of
multi-decade tailings facility studies. As with reclamation, if necessary, the time series can be refined to monthly
intervals, allowing the applied workflow to track the progress of decant lakes on a daily or monthly basis, depending on
the objectives of the study.

DISCUSSION

NDVI analysis revealed clear spatiotemporal changes in the development and reclamation of the Benkovski tailings
facilities. The emergence of Benkovski 1 in 1977, followed by over three decades of operation and its complete
technical and biological reclamation in 2012, demonstrated a full operational life cycle, culminating in successful
ecological stabilization. Benkovski 2, first identified in 1996, has been operating continuously for over 30 years,
reflecting long-term structural and operational stability. Progressively increasing NDVI values in the reclaimed areas -
especially in the southern and eastern parts - confirm the effective implementation and maintenance of the rehabilitation
measures. Similarly, the areas currently being reclaimed show stable vegetation growth, indicating that the implemented
restoration practices are functioning as intended and contributing to sustainable environmental restoration.

The application of NDWI allowed for consistent monitoring of the spatial dynamics of the decant lakes at the
Benkovski 2 facility. The analysis revealed stable water management conditions, with no indications of drainage
deficiencies, confirming the effectiveness of the closed zero-discharge system. The observed changes in the lake
boundaries between the operational sections during the period 2016-2025 reflect the balanced use of the facility and
controlled disposal practices. In the long term, continuous monitoring of the development of the decant lakes provides a
reliable indicator of hydrological stability, operational efficiency and compliance with regulatory requirements within
the tailings management systems.

Compared to previous studies that primarily focus on short-term monitoring, tailings dam breach outflow modeling
(Sreekumar et al., 2024), monitoring dam infrastructure (Minhui et al., 2019), tailings dam failure (Adjiski et al., 2025),
dam deformation monitoring (Scaioni et al., 2018), and similar topics, the present study offers a comparatively rare
long-term perspective on tailings reclamation research. The studies by Li et al. (2025) and Wang et al. (2023) propose
various methods and evaluate the reclamation of mining lands; however, they do not specifically address reclamation
processes at tailings storage facilities.

The present research bridges this gap by integrating reclamation monitoring and hydrological assessment within a
unified 50-year analytical framework. The extended temporal scope enhances the understanding of lifecycle evolution
and long-term environmental performance indicators. The main contribution and advantage of this study lies in
demonstrating how comprehensive monitoring of tailings reclamation and decant lakes can be achieved through the
proposed methodological workflow. This workflow relies exclusively on freely available global satellite data and open-
source software, thereby reducing financial constraints and facilitating reproducibility regardless of geographic location.
Despite these advantages, certain limitations must be acknowledged. The primary limitation relates to spatial resolution.
The 30 m resolution used in this study may be insufficient for smaller-scale features or for analyses requiring detailed
characterization of fine-scale surface properties. Another limitation concerns cloud cover, as prolonged cloudy periods
may result in a lack of suitable imagery for analysis.

The study also outlines several opportunities for future improvement. The integration of higher-resolution satellite
imagery and SAR data, which are not affected by cloud cover, could enhance analytical accuracy. Increasing the
temporal density of analyzed images (e.g., monthly, weekly, or daily observations) would further strengthen monitoring
capabilities. The integration of the results into a GIS environment is planned in order to calculate precise reclaimed
areas and improve quantitative assessment. Additionally, the development of maps illustrating long-term spatial and
quantitative changes in the tailings facility would further support comprehensive lifecycle analysis.

CONCLUSION

This study demonstrates the effectiveness of long-term spatiotemporal monitoring of tailings storage facilities using
multispectral satellite remote sensing. The 50-year analysis of the Benkovski complex provides a consistent and
objective assessment of facility development, reclamation processes, vegetation dynamics, and water management
practices, highlighting the potential of spectral indices to capture key environmental and operational changes.

A key contribution of this study is the demonstrated feasibility of using exclusively open-access satellite data and open-
source software platforms for comprehensive long-term monitoring of tailings storage facilities. This approach
enhances accessibility, reproducibility, and cost-efficiency while supporting transparent environmental management.

Overall, the findings reinforce the role of geospatial technologies as reliable tools for sustainable tailings governance
and long-term informed decision-making.
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