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Abstract. Mining is inherently spatial, requiring detailed knowledge of geology, topography, hydrology, and infra-
structure for informed decision-making across the lifecycle. Geographic Information Systems (GIS) have become essen-
tial for managing spatial complexity, integrating multidimensional datasets, and supporting predictive analytics in mining
engineering and management. This review adopts a structured approach to synthesize current knowledge on GIS appli-
cations across the mining lifecycle, drawing from peer-reviewed journals, conference proceedings, and technical reports
published between 2000 and 2025. Literature was systematically analyzed and categorized according to exploration,
mine planning, operation and production, environmental monitoring, and post-mining land use. In exploration, GIS facili-
tates mineral potential mapping by integrating geological, geophysical, and geochemical data with remote sensing im-
agery, using multi-criteria decision analysis and fuzzy logic to handle uncertainty. During mine planning, GIS supports
site selection, pit design, infrastructure layout, and resource estimation, often linked with 3D modeling and specialized
mine planning software. In operations, GIS dashboards combined with IoT and SCADA systems enable real-time moni-
toring of equipment, personnel, and environmental conditions, enhancing production efficiency and safety. GIS also
underpins environmental monitoring and post-mining rehabilitation through pollution mapping, tailings dam assessment,
land-use suitability analysis, and time-series remote sensing. Despite its versatility, GIS adoption faces challenges, in-
cluding data availability, integration complexity, computational demands, and skill gaps. Emerging technologies such as
Al, machine learning, loT, cloud-based platforms, and Augmented Reality and Virtual Reality (AR/VR) offer opportunities
to overcome these limitations and advance smart, sustainable mining. This review highlights GIS as a transformative tool
for optimizing operations, mitigating risks, and supporting environmental stewardship, emphasizing the need for contin-
ued innovation, interdisciplinary collaboration, and standardized workflows to fully realize its potential.

Keywords: GIS, mining lifecycle, spatial analysis, remote sensing, sustainable mining, bibliometric analysis.

1. Introduction

Mining remains one of the world’s most spatially dependent industries, requiring
detailed knowledge of geology, landform, hydrology, and infrastructure [1]. Decision-
making in mining is inherently geographic: mineral deposits are distributed unevenly,
environmental impacts are site-specific, and operational efficiency depends on spatial
optimization. Over the last three decades, Geographic Information Systems (GIS)
have evolved from simple mapping tools to advanced platforms capable of integrat-
ing multidimensional datasets, performing spatial modeling, and supporting predic-
tive analytics in mining engineering and management [2].

GIS allows mining professionals to visualize, analyze, and interpret spatial rela-
tionships between geological features and operational parameters. From exploration
targeting to mine closure and post-mining land rehabilitation, GIS provides a unified
framework for data-driven decision-making. Modern GIS systems are increasingly
integrated with remote sensing, Global Navigation Satellite Systems (GNSS), Li-
DAR, and unmanned aerial vehicles (UAVs), enabling high-resolution monitoring
and dynamic updating of mine conditions [3]. Moreover, the integration of machine
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learning and big data analytics with GIS enhances predictive capacity, helping to op-
timize resource extraction while minimizing environmental risk [4].

The mining lifecycle typically comprises four major phases: (1) Exploration,
where potential deposits are identified and assessed; (2) Planning and Design, where
spatial data supports resource estimation, pit optimization, and infrastructure layout;
(3) Operation and Production, where GIS assists in daily monitoring, safety manage-
ment, and logistics; and (4) Closure and Post-Mining, where it supports environmen-
tal rehabilitation, land-use planning, and long-term monitoring. In each phase, GIS
plays a different yet complementary role supporting both technical efficiency and
sustainability goals. For example, during exploration, GIS-based mineral prospective-
ly mapping combines geochemical, geophysical, and geological data layers to identi-
fy target zones [5]. In contrast, during closure, GIS supports reclamation planning,
monitoring vegetation regrowth and landform stability using time-series satellite im-
agery [6].

Several studies have demonstrated the benefits of GIS in mining contexts. For in-
stance, [7] illustrated how GIS-based multi-criteria analysis improves mineral poten-
tial mapping, while [8] applied GIS and Remote Sensing (RS) to assess the environ-
mental footprint of open-pit coal mines. Similarly, GIS has been used for subsidence
risk mapping [9], tailings dam monitoring [10], and mine water management [11].

The aim of this paper is to systematically review and quantify the evolution of
GIS applications across the entire mining lifecycle using a bibliometric analysis of
peer-reviewed literature published between 2000 and 2025. Specifically, the study
maps research trends, dominant themes, and geographic contributions to identify key
application domains, knowledge gaps, and emerging directions for GIS-supported
smart and sustainable mining.

2. Methods

This review adopts a structured approach to synthesize current knowledge on GIS
applications across the mining lifecycle, emphasizing both theoretical and practical
perspectives. Relevant literature was collected from peer-reviewed journals, confer-
ence proceedings, and technical reports using databases such as Scopus, Web of Sci-
ence, and Google Scholar. Search terms included combinations of “GIS,” “mining,”
“exploration,” “mine planning,” “environmental monitoring,” “remote sensing,” “Li-
DAR,” “UAV,” “3D mapping,” and “post-mining land use.” Studies published be-
tween 2000 and 2025 were prioritized to capture recent technological advancements,
particularly the integration of GIS with remote sensing, UAVs, LiDAR, Artificial In-
telligence and Machine Learning (AI/ML), IoT, and cloud-based mining platforms.

Selected studies were systematically reviewed and categorized according to min-
ing lifecycle stages: exploration, mine planning, operation and production, environ-
mental monitoring and safety, and mine closure and post-mining land use.

The review also incorporates bibliometric mapping to quantify trends and patterns
in the literature. Selected studies were systematically categorized according to mining
lifecycle stages: exploration, mine planning, operation and production, environmental
monitoring and safety, and mine closure and post-mining land use. For each stage,
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GIS applications were analyzed in terms of spatial data types (raster, vector), data
sources (geological, geophysical, geochemical, topographic, socio-environmental),
analytical techniques (MCDA, geostatistics, network analysis, hydrological model-
ing, 3D visualization), and integration with emerging technologies. Case studies
demonstrating practical GIS implementations are highlighted in Section 4 of this
manuscript to illustrate methodological approaches and outcomes. Table 1 below lists
search queries for each mining lifecycle stage used in Scopus to collect scientific lit-
erature.

Table 1 — Scopus search queries for GIS application across different stages of open-pit mining
Mining stage Search query
Exploration (TITLE-ABS-KEY(“GIS” AND “mineral exploration”) AND TITLE-
ABS-KEY(“mineral potential mapping” OR “MCDA” OR “AHP” OR
“fuzzy logic” OR “kriging” OR “cokriging” OR “lineament mapping”)
AND TITLE-ABS-KEY(“remote sensing” OR ASTER OR “Landsat 8”
OR “Sentinel-2” OR “hydrothermal alteration” OR “PCA” OR “band
ratio”))
(TITLE-ABS-KEY (“GIS” AND “mine planning”)
AND TITLE-ABS-KEY (“open-pit design” OR “site selection” OR ‘“haul
road optimization” OR “3D GIS” OR *“geological modeling” OR
“cartographic overlay” OR “PCA” AND coal AND deposit))

Mine planning

Operation and pro-

(TITLE-ABS-KEY(“GIS” AND mining AND operation) AND TITLE-

duction ABS-KEY(“IoT” OR “SCADA” OR “real-time monitoring” OR “fleet
management” OR “GPS tracking” OR “slope stability” OR “blast zone”

OR “‘air quality” OR “extraction volume” OR Voronoi OR Thiessen))
Environmental (TITLE-ABS-KEY (“GIS” AND mining AND environment) AND TITLE-
monitoring and ABS-KEY(“NDVI” OR “Landsat” OR “InSAR” OR “tailings dam” OR
safety “acid mine drainage” OR “heavy metal contamination” OR “kriging” OR

“IDW” OR “land cover change” OR “Google Earth Engine”))
(TITLE-ABS-KEY(“GIS” AND “mine closure”) AND TITLE-ABS-
KEY(“post-mining land use” OR “reclamation” OR “rehabilitation” OR
“land-use suitability” OR “fuzzy logic” OR “NDVI” OR “socioeconomic
transition” OR “lignite mine’’))

Mine closure and
post-mining land
use

The search was conducted for literature published in the English language, con-
sidering document types such as research articles, review papers, conference papers,
books, and book chapters. Queries were formulated using the TITLE-ABS-KEY syn-
tax in Scopus to ensure retrieval of publications highly relevant to both GIS applica-
tions and the corresponding mining stage.

3. Theoretical background and technological framework
3.1. Fundamentals of GIS in mining

GIS is a digital environment that capture, store, analyze, and visualize spatial data
[12]. In mining, GIS provides a multidimensional perspective that integrates geologi-
cal, geophysical, environmental, and socio-economic information within a single spa-
tial framework. This integration allows mining engineers and geoscientists to analyze
relationships and patterns that would otherwise remain hidden in isolated datasets. At
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its core, GIS operates on layers of spatially referenced information such as geological
formations, fault lines, ore zones, hydrological networks, and infrastructure layouts.
Through overlay analysis, spatial interpolation, and geostatistical modeling, GIS sup-
ports informed decision-making throughout the mining value chain. An example of

this 1s shown in Figure 1, where different layers were combined into one single layer
[13].
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Figure 1 — Integration of thematic layers in GIS (Figure is modified from [13])

GIS applications in mining generally rely on two key data models: (1) Raster data,
used for continuous variables such as topography, RS imagery, or geochemical con-
centrations; and (2) Vector data, used for discrete features like boreholes, roads,
faults, and boundaries [12]. Spatial operations such as buffering, overlay, network
analysis, and spatial interpolation enable users to assess proximity, connectivity, and
spatial distribution of features critical to exploration and operations. For example,
spatial buffering can identify safety zones around blast areas, while overlay analysis

can evaluate land-use conflicts or geological overlaps between mineral zones and
protected areas.

3.2. Spatial data sources and integration
Mining GIS projects draw from a wide range of spatial data sources, each provid-

ing different scales, accuracies, and temporal resolutions [12]. The major categories
include:
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- Geological data: lithological maps, structural maps, and borehole logs obtained
from field surveys or government databases.
- Geophysical data: magnetic, gravity, and radiometric datasets acquired through
airborne or ground-based surveys.
- Geochemical data: point-based sampling results representing concentrations of
specific elements.
- Topographical data: derived from LiDAR or photogrammetry to represent
elevation, slope, and terrain morphology.
- RS data: satellite or UAV imagery providing spectral information on surface
materials and vegetation.
- Socio-environmental data: land use, water bodies, population density, and
protected area boundaries for sustainability and risk assessment.
Table 2 represents expanded examples for each category.

Table 2 — Major categories of spatial data sources used in mining GIS projects

Data category Description Common data types Typical sources
Represents subsurface and Lithological anq structural Geological STJrveys
surface geological maps; USGS;
Geological . ©. . Stratigraphic columns; Mine exploration
characteristics essential . .
data for mineral exploration Borehole logs; reports;
and mine la{)nnin Fault and fracture networks; | Academic research
p & Orebody models. datasets.
Provides information on Sil and stream sediment Geochemical survey
Geophvsical the chemical composition geochemistry; agencies;
gat}; of rocks, soils, and Rock and drill-core assays; | Laboratory analysis;
sediments for anomaly Hydrogeochemical data; Mineral exploration
detection. Biogeochemical samples. companies.
Digital elevation models hgs??fmﬁgtr
Captures the shape and (DEM); p su%’V ovs: y
Topographical features of the Earth’s LiDAR point clouds; . s
) ] National mapping
data surface, used for terrain Contour maps; .
analysis and mine design. | Slope, aspect, and curvature agencies,
’ ’ UAV or drone-based
maps. .
mapping.
Multispectral and Satellite missions
Provides spectral and hyperspectral imagery; (NASA, ESA);
RS data spatial information for UAV or drone imagery; UAV surveys;
identifying minerals, Thermal infrared and SAR Commercial
vegetation, and land cover. data; imagery providers
NDVI, mineral index map. (Planet, Maxar).
Land Use and Land Cover
maps; National statistics
Water bodies and watershed offices;
. Integrates human and . .
Socio- . boundaries; Environmental
. environmental factors for . . e
environmental . : Population density and agencies;
sustainable and safe mine
data management settlements; OpenStreetMap,
g ' Protected areas, cultural WorldPop, UNEP,
heritage zones; FAO.
Infrastructure.
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The integration of these datasets requires spatial referencing (georeferencing) to a
common coordinate system, projection harmonization, and often data fusion tech-
niques to combine multisource datasets. Modern GIS environments (e.g., ArcGIS Pro,
Quantum Geographic Information System (QGIS), ERDAS Imagine) offer advanced
tools for 3D visualization and dynamic model linking with mine planning software
such as Surpac, Datamine, and Vulcan.

3.3. Remote sensing and image analysis

RS has become one of the most powerful complements to GIS in mining, provid-
ing spatially continuous and temporally repeatable information. RS involves acquir-
ing information about the Earth’s surface without direct contact that is typically
through satellites (e.g., Landsat, or Sentinel) or drones equipped with multispectral or
hyperspectral sensors [14].

Key RS applications in mining include:

- Mineral exploration: detecting alteration zones using spectral signatures (e.g.,
iron oxides, clay minerals, carbonates).

- Environmental monitoring: assessing vegetation stress, water quality, and
tailings dam integrity.

- Subsidence detection: using Synthetic Aperture Radar (SAR) interferometry to
identify ground deformation caused by underground mining.

- Mine closure assessment: tracking land rehabilitation progress through
Normalized Differential Vegetation Index (NDVI) and other vegetation indices.

Table 3 lists these key RS applications.

Table 3 — Key RS applications in mining and representative techniques

App;i(e:ztlon Common RS techniques Example of data Data sources
Multlspectrgl anq hyperspectral ron oxides:
. 1maging; . ) ASTER;
Mineral .S . Clay minerals;
. Spectral unmixing and mineral Landsat8/9;
exploration o Carbonates; .
mapping; Hydrothermal Sentinel-2.
Principal component analysis. '
Multitemporal NDVI; Vegetation stress and .
. . deforestation; Sentinel-2;
Environmental Change detection; .
. Water quality; MODIS;
monitoring UAV-based thermal and . .
. . . Tailings dam seepage or leak | UAV imagery.
multispectral imaging. .
detection.
Millimeter-level ground
Subsidence InSAR; displacement; Sentinel-1;
detection DInSAR; Slope instability mapping; TerraSAR-X;
PSI. Monitoring of surface cracks ALOS.
and collapse zones.
Mine closure N.DVI tme-series analysm; Vegetation cover percentage; Sentinel-2;
Object-based classification of o .S _
and Jand cover: Soil moisture estimation; Landsat-9;
rehabilitation ) Land Use transition from UAV surveys;
UAV or drone-based
assessment barren to vegetated areas. MODIS.
photogrammetry.
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For example, in study [15] authors applied the Independent Component Analysis
(ICA) algorithm to short-wave infrared (SWIR) ASTER satellite data to delineate the
southern extension of base metal-bearing dolomites of the Mochia Formation in the
Zawar region, Udaipur Sector, India. By integrating RS analysis with field validation,
petrological examination, and laboratory techniques (XRD, XRF, and reflectance
spectroscopy), the authors successfully mapped dolomite occurrences and confirmed
their association with Pb-Zn-Cu sulphide minerals such as galena, sphalerite, chalco-
pyrite, and pyrite. The research demonstrated that E-W trending faults and brecciated
zones served as conduits for hydrothermal mineralization and highlighted the poten-
tial of ICA-applied ASTER data for dolomite and base metal deposit mapping in sim-
ilar geological settings worldwide. Similarly, the study [16] applied an integrated ap-
proach combining multi-seasonal Sentinel-2 imagery with environmental variables
(e.g., soil moisture, rainfall, slope, evapotranspiration, and albedo) to monitor land
degradation. Using stratified random sampling and field validation, land cover frac-
tions Photosynthetic Vegetation (PV), Non-Photosynthetic Vegetation (NPV), and
Bare Soil (BS) were modeled with the Random Forest algorithm. The pooled (dry and
wet season) model achieved high accuracies (R? up to 0.93), demonstrating the effec-
tiveness of Sentinel-2 and machine learning for near real-time land degradation as-
sessment.

3.4. LiDAR, UAVs, and 3D Mapping

Light Detection and Ranging (LiDAR) technology provides highly accurate three-
dimensional representations of terrain and surface features. In mining, LiDAR is used
for pit volume calculation, slope stability assessment, and monitoring structural de-
formations [17]. Airborne LiDAR systems generate dense point clouds that can be
processed into DEMs with centimeter-level accuracy [18]. UAVs or drones in its turn
have recently become essential tools for rapid data collection in mining. UAV-based
photogrammetry enables frequent monitoring of pit geometry, waste dumps, haul
roads, and environmental parameters [19]. When integrated with GIS, UAV data fa-
cilitate near real-time decision-making. A notable example is the use of drone-based
LiDAR for slope failure monitoring in open-pit mines [20]. The high temporal resolu-
tion allowed operators to detect micro-movements before major failures occurred,
improving worker safety and operational planning.

3.5. Spatial modeling and analysis techniques

GIS supports a range of modeling approaches relevant to mining, including:

- Multi-Criteria Decision Analysis (MCDA) for mineral prospectivity or site
selection (e.g., Analytical Hierarchy Process - AHP).

- Geostatistical interpolation (e.g., kriging, inverse distance weighting) for ore
grade estimation or pollution mapping.

- Network analysis for optimizing haul road routes or transportation logistics.

- Hydrological modeling for groundwater flow and contamination risk.

- 3D geovisualization for subsurface modeling and volumetric analysis.



ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2026. 1ss.176 87

In exploration, GIS-based MCDA methods have been used to integrate geological,
geochemical, and geophysical indicators for mineral potential mapping [13]. In envi-
ronmental monitoring, spatial interpolation and temporal analysis help map dust dis-
persion, acid mine drainage, and heavy metal contamination [21].

3.6. Integration with emerging technologies

Recent years have seen increasing convergence of GIS with other digital mining
technologies:

- Artificial Intelligence (Al) and Machine Learning (ML) are used for predictive
modeling of mineralization or equipment failure, leveraging spatial data within GIS
frameworks.

- Internet of Things (IoT) and real-time monitoring systems provide continuous
spatial data streams from sensors, allowing GIS dashboards to visualize dynamic
conditions.

- Cloud-based GIS platforms (e.g., ArcGIS Online, Google Earth Engine)
support big data storage, collaborative analysis, and scalable computing for remote
operations.

- Virtual and Augmented Reality (VR/AR) tools extend GIS-based 3D models
into immersive environments for training and planning.

For instance, in this study [22] authors integrates GIS with Artificial Intelligence
(AI) to modernize coal mining operations through intelligent automation, enhanced
safety, and improved efficiency. By combining spatial data analytics with Al-driven
prediction and detection models, it enables real-time monitoring, risk forecasting, and
data-informed decision-making across the entire mining workflow.

4. GIS applications across the mining lifecycle
4.1. Exploration stage

Exploration is the first and most uncertain phase of the mining lifecycle, where
identifying promising mineral targets determines the economic feasibility of subse-
quent operations [23]. The spatial complexity of geological systems makes GIS in-
dispensable for integrating geological, geophysical, and geochemical data to support
mineral potential mapping and anomaly detection. GIS-based mineral potential map-
ping typically involves compiling multiple spatial layers representing lithology, line-
aments, structural intersections, geochemical anomalies, and RS indices. Through
MCDA methods such as the AHP and fuzzy logic, experts assign weights to each fac-
tor according to its relevance to mineralization. The weighted layers are then com-
bined through overlay analysis to produce predictive maps highlighting high-
probability zones. Fuzzy logic approaches, in particular, are beneficial for handling
geological uncertainty, as they allow continuous degrees of membership rather than
binary classifications, representing mineralization potential as a spectrum. Integration
with geostatistical tools such as kriging or co-kriging further enhances spatial predic-
tion accuracy. RS complements GIS by providing synoptic and spectral information
for mapping surface lithology and alteration minerals. Satellites such as ASTER,
Landsat 8, and Sentinel-2 offer multispectral and hyperspectral data that can be pro-
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cessed into thematic layers showing the distribution of iron oxides, hydroxyl, and
clay minerals commonly associated with hydrothermal alteration. These layers can
then be incorporated into GIS for spatial modeling and target delineation. Techniques
such as Principal Component Analysis (PCA) and band rationing enhance spectral
contrasts, enabling precise identification of alteration zones. The integration of RS
and GIS provides a cost-effective approach to reducing exploration uncertainty, par-
ticularly in remote or inaccessible regions.

A practical demonstration of GIS in mineral exploration is provided by [23] where
the authors developed a GIS-based model to explore hydrothermal mineral resources
in an area of the Arabian Nubian Shield, Egypt. Specifically, they combined multi-
spectral and hyperspectral satellite data (ASTER, Landsat OLI and Sentinel-2) with
field observations, to derive hydrothermal alteration zones (HAZs). Then they used a
fuzzy-logic overlay in GIS to integrate alteration zones, lineament density and other
criteria, and classified the area into ranked zones of mineralization potential (from
“very low” to “excellent”). The high potential zones corresponded spatially with
known gold-sulfide mineralization and structural features. The resulting HAZ map
allowed to highlight areas with a very high probability of mineralization.

Figure 2a shows the trend of scientific publications across exploration mining
lifecycle stage. The trend shows a strong upward trajectory overall. After moderate
growth in the early 2000s, exploration related research accelerates sharply from
around 2007 onward, reaching several peaks most notably in 2024 year and remain-
ing very high in 2025. Figure 2b shows the distribution of publications across the top
open-pit mining countries in the overall period (2000-2025). It is seen that such coun-
tries as China, Australia, and the United States are the global leaders, with China
(6,131) and Australia (5,655) producing the highest number of documents. Middle
producers include Indonesia, Canada, Chile, South Africa, India, and Peru, all of
which maintain active exploration sectors tied to their mineral-rich territories. Coun-
tries such as Kazakhstan, Mexico, Turkiye, Egypt, and Italy show more moderate but
still substantial contributions.

The word cloud generated from the keyword frequency data and which is shown
in Figure 3 highlights several dominant research themes in the context of mineral ex-
ploration and open-pit mining. The most frequently occurring terms such as “Mineral
exploration”, “Remote sensing”, “Landsat”, “Sentinel-2”, “ASTER”, “Principal
Component Analysis (PCA)”, “Geostatistics”, “Kriging”, and “Environmental im-
pact” indicate that contemporary research is strongly driven by geospatial data inte-
gration and advanced analytical techniques. Remote sensing platforms and spectral
analysis methods appear prominently, reflecting their widespread use in mapping,
lithological discrimination, and anomaly detection. Similarly, the high frequency of
geostatistical concepts such as kriging, hotspot analysis, and spatial interpolation un-
derscores the importance of quantitative modelling and uncertainty assessment in ex-
ploration workflows. Several emerging topics can also be identified from the promi-
nence of keywords related to machine learning, including Random Forest, SVM, neu-
ral networks, deep learning, and predictive modelling. Moreover, keywords associat-
ed with environmental and geotechnical concerns such as land cover change, tailings
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characterization, hydrogeological assessment, and slope stability also highlight grow-
ing attention to sustainability and risk mitigation within modern mining research.
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4.2. Mine planning stage

Following successful exploration, GIS plays a critical role in mine planning and
design, where the main objective is to optimize the extraction process while minimiz-
ing environmental and social impacts. GIS assists engineers in site selection, open-pit
design, infrastructure layout, and resource estimation [24]. GIS-based site selection
involves evaluating potential mining and infrastructure locations according to topo-
graphic suitability, proximity to resources, accessibility, hydrological conditions, and
environmental constraints. Through spatial overlay and buffering operations, engi-
neers can identify optimal areas for tailings storage, waste dumps, and processing fa-
cilities while avoiding ecologically sensitive zones. For instance, slope gradient maps
help determine areas suitable for road construction, while hydrological models can
predict runoff and sediment transport to reduce contamination risks. Additionally,
network analysis tools are used to optimize the routing of haul roads between pit fac-
es, crushers, and waste dumps. Modern GIS environments also allow 3D visualiza-
tion and modeling, enabling the integration of geological block models, DEMs, and
infrastructure layouts. This three-dimensional representation supports resource esti-
mation, pit optimization, and mine scheduling. By linking GIS with mine planning
software such as Surpac or Vulcan, engineers can dynamically simulate different pit
expansion scenarios, calculate cut-and-fill volumes, and assess economic feasibility.
The application of 3D geostatistical modeling within GIS further enhances accuracy
in resource classification, particularly in heterogeneous ore bodies.

In the paper [24], the authors used GIS in combination with PCA to model a mul-
ti-seam coal deposit. They processed spatial geologic and survey data to identify
dominant patterns in deposit structure, then integrated these patterns in a GIS envi-
ronment to support decisions about mine development and layout. The method al-
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lowed them to visualize the deposit geometry and thus provide better mine-planning
information for sequencing and design of extraction.

Mine Planning Stage — Step Area Plot
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Figure 4 — Results of bibliometric analysis for mine planning stage
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Step are area shown in Figure 4a exhibits steady, gradual growth throughout the
period. Starting at 530 documents in 2000, it increases to around 700—800 after 2016
and reaches its highest value in 2024 (791 documents). Across the top open—pit min-
ing countries (Figure 4b), in the mining planning stage, the United States (1,356),
China (2,167), and Canada (759) emerge as leading contributors. Australia, despite
being a major mining nation, shows a lower relative output (645). Other countries
including Indonesia, Chile, South Africa, India, and Peru contribute moderately.
While Kazakhstan, Mexico, Turkiye, Egypt and Germany display lower but still no-
table levels of research output.

The word cloud for the mine planning stage shown in Figure 5 highlights strong
emphasis on optimization-based approaches, with frequently occurring terms such as
mine scheduling, open-pit optimization, ultimate pit limit, and block model optimiza-
tion indicating that computational efficiency and resource maximization remain key
themes. The prominence of algorithms including the Lerchs-Grossmann method, ge-
netic algorithms, and various stochastic and mixed-integer programming techniques
shows that advanced mathematical modelling continues to shape planning research.
Operational topics like truck-shovel allocation, haul route optimization, and fleet
management also appear prominently, reflecting efforts to improve productivity and
reduce costs in daily operations. Emerging interest is visible in machine learning also,
simulation modelling, and uncertainty analysis.
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Block model optimization

. . . Drilling & blasting desian
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Figure 5 — Word cloud of keywords associated with the mine planning stage of the open-pit mining
lifecycle

4.3. Operation and production stage

During the operational phase, GIS functions as a real-time management and moni-
toring platform [25]. Integration with [oT (Internet of Things) and SCADA (Supervi-
sory Control and Data Acquisition) systems enables continuous tracking of equip-
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ment, personnel, and environmental conditions. Spatial information is crucial for op-
timizing production efficiency, ensuring worker safety, and minimizing environmen-
tal impact. GIS-based dashboards visualize the spatial movement of haul trucks, ex-
cavators, and conveyors in real time. Sensors and GPS transmit data to control cen-
ters, where spatial analytics track performance, fuel consumption, and maintenance
schedules. Heat maps and route optimization algorithms help reduce traffic conges-
tion and idle time within large open-pit operations. Spatial monitoring also supports
safety management, including blast zone delineation, slope stability monitoring, and
groundwater mapping. GIS models integrate slope geometry data, rainfall patterns,
and soil moisture information to predict potential landslide zones. Buffer zones
around blasting areas can be automatically updated in GIS to ensure worker exclusion
during detonation. Through integration with IoT sensors and SCADA systems, GIS
can represent real-time parameters such as air quality, noise levels, and gas concentra-
tions. This integration enables automatic alerts and spatial visualization of hazardous
conditions, improving response time and safety compliance.

In the paper [25], the authors developed a GIS-based automated procedure for
calculating the volume of material extracted during a given year from an open-pit
mine. They used a sequence of vector layers (point layers with elevation data and a
polygon for the extraction area), created Voronoi (Thiessen) polygons around sur-
veyed points, and automated the computational workflow in QGIS to derive annual
extraction volumes. The case study focused on an open-pit mine near Tarnéw, Poland,
demonstrating how spatial data and GIS processing can streamline production moni-
toring in mining operations.

The results of bibliometric analysis are shown in Figure 6 and 7. From Figure 6a,
it is seen a clear moderate but less consistent trend. Research output increases slowly
from 2000 to around 2011, fluctuates between 430—540 through the mid-2010s, and
then rises more noticeably after 2019, reaching its highest value in 2025 (758). The
operation and production stage show strong research intensity in countries with large-
scale open-pit operations (Figure 6b). The highest publication counts are observed in
China (2,055) and the United States (1,912), followed by Australia (1,144). Countries
such as South Africa, Canada, Kazakhstan, Mexico, and Turkiye show moderate out-
put, while lower counts observed in Peru, Chile, India, Egypt, and Germany.

The word cloud for mine operations shown in Figure 7 emphasizes a strong focus
on production optimization and operational efficiency, with high-frequency keywords
including mine operations, production management, production rate optimization,
and ore extraction. Advanced operational strategies such as truck dispatching, fleet
optimization, real-time monitoring, and mine automation also appear prominently,
highlighting the integration of digital technologies, IoT, and autonomous systems in
modern mining. Emphasis on equipment performance and maintenance is evident
from terms like predictive maintenance, condition monitoring, and equipment health
monitoring, reflecting the critical role of reliability and uptime in operational success.
Other recurrent themes, such as material flow analysis and plant performance optimi-
zation indicate a focus on maximizing productivity across the mining-to-processing
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chain. Additionally, keywords related to safety and operational risk underscore ongo-
ing attention to workforce protection and risk management.

- Operation & Production Stage — Step Area Plot
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Figure 6 — Results of bibliometric analysis for operation and production stage



ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2026. 1ss.176 95

Short-term production planning
Fleet management systems (FIVIS)

Shovel-truck matching ,Mmeral DFOCGSSIHQ Productlon rate optimization
Haulage operatlons Truck d|Spa‘tCh|ng Plant performance optimization

Downtime analysis Real tlme mon Itorln Equipment prOdUCtiVity
KPI monitoring . J Predictive maintenance

Throughput optimization M|ne au‘tomanon loT in mining N _
Sensor data analytics Mme Operatlons Drilling operations

Blasting operations Fragmentatio : Loading operations
Cycletime anaysis Production managem €Nt Ecupment st n moniorig

Operational risk Ore extractlon Smart m!n!ng Dlgltal mlne

Condition monitoring
Material flow analysis Autonomous haul trucks veermensgemen
Fleet optimization Health & safety management

Energy efficiancy
Metallurgical recovery

anss-ased racking QP Erational efficiency
Productivity improvement

Figure 7 — Word cloud of keywords associated with the operation and production stage of the open-
pit mining lifecycle

4.4. Environmental monitoring and safety

Environmental sustainability has become an integral component of modern min-
ing, with regulators and communities demanding rigorous oversight. GIS is indispen-
sable for mapping, monitoring, and mitigating environmental impacts, including air
and water pollution, noise, biodiversity loss, and waste management [26]. GIS sup-
ports the spatial assessment of dust dispersion, acid mine drainage, and heavy metal
contamination. Spatial interpolation techniques, such as kriging and IDW, generate
continuous pollution maps from point-sample data, helping identify hotspots for re-
mediation. Time-series satellite imagery is also used to monitor vegetation stress as
an indirect indicator of contamination. Tailings storage facilities pose one of the most
critical geotechnical and environmental risks in mining. GIS and RS enable real-time
monitoring of dam stability by integrating InNSAR data with topographic and hydro-
logical models. Risk maps classify dams based on factors such as proximity to popu-
lated areas, slope gradients, and material type. Spatial analysis in GIS also aids in bi-
odiversity conservation and reclamation planning. By evaluating soil quality, drain-
age, and vegetation potential, and overlaying ecological and topographical layers,
planners can prioritize reforestation zones and buffer ecologically sensitive areas.

In the paper [26], the authors used a long-term time series of Landsat satellite im-
agery (1984-2023) together with cloud processing via Google Earth Engine (GEE) to
monitor open-pit mining sites in Catalonia, Spain. They calculated the NDVI annual-
ly and used it to assess both the progression of extractive activity (bare soil expan-
sion) and subsequent rehabilitation/vegetation regrowth over nearly 40 years. Their
approach enabled efficient, repeatable, and spatially consistent monitoring of min-
ing-induced land cover changes, offering a scalable tool for regulators and mine op-
erators to track restoration success and environmental compliance. Figure 8a illus-
trates the time series of environmental monitoring and safety research and demon-
strates continuous and significant growth over the entire period.
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Figure 8 — Results of bibliometric analysis for environmental monitoring and safety stage



ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2026. 1ss.176 97

Starting from 140 documents in 2000, the values increase steadily, surpassing 600
around 2014, 900 in 2019, and exceeding 1,500 by 2024. Environmental monitoring
and safety research have grown substantially worldwide, and this is reflected clearly
in the country-level distribution shown in Figure 8b. China with 2,836, Australia with
2,776, and the United Stated with 2,047 documents lead this category. Middle level
contributors such as Canada, South Africa, Peru, Mexico, and Kazakhstan show sig-
nificant involvement. Countries like Turkiye, Egypt, Germany, and India also pro-
duced noteworthy research output.

The word cloud for environmental monitoring and safety (Figure 9) highlights a
strong emphasis on environmental protection and regulatory compliance, with high-
frequency keywords such as environmental monitoring, environmental management,
and post-mining land use. Air and water quality, tailings stability, and soil contamina-
tion are prominent themes, reflecting growing research attention to pollution control,
acid mine drainage, and sustainable reclamation practices. Remote sensing and UAV -
or satellite-based monitoring feature prominently, indicating the wide use of geospa-
tial and digital technologies in environmental assessment. Safety-related topics also
emerge strongly, with keywords like mine safety management, occupational health
and safety, hazard identification, and real-time safety monitoring, showing that work-
force protection and risk mitigation are central concerns.
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Figure 9 — Word cloud of keywords associated with the environmental monitoring and safety stage
of the open-pit mining lifecycle

4.5. Mine closure and post-mining land use

Mine closure and post-mining land management represent the final phase of the
mining lifecycle. GIS plays a key role in ensuring sustainable rehabilitation, land re-
use, and community transition by integrating ecological, geological, and socioeco-
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nomic data [27]. GIS-based land-use suitability analysis evaluates post-mining land
options such as agriculture, forestry, or urban development. Factors including soil pH,
slope, drainage, and proximity to infrastructure are weighted using AHP or fuzzy log-
ic. The resulting suitability maps guide restoration priorities and inform policy deci-
sions. Time-series analysis of NDVI from Landsat or Sentinel imagery is used to
track vegetation regrowth after mine closure. GIS enables comparisons between re-
claimed and natural areas, quantifying the effectiveness of rehabilitation efforts. GIS
also supports socioeconomic analysis during post-mining transition by mapping pop-
ulation density, employment shifts, and infrastructure reuse potential. This spatial un-
derstanding aids regional planning and facilitates the conversion of former mining
zones into new economic or recreational hubs.

In the article [27], the authors developed a GIS-based algorithm to help select the
most suitable land uses for a large closed surface lignite mine in northern Greece.
They considered six spatial criteria (slope, elevation, distance to villages, rivers,
roads, and transmission lines) plus parameters specific to the mining area (graded vs
undisturbed land, existing infrastructure, closure planning). Using a fuzzy logic over-
lay technique in a GIS environment, they generated suitability maps for different pos-
sible post-mining land uses (agriculture, forest, industrial/photovoltaic, recreation)
and integrated the mining-derived spatial parameters. The result is a comprehensive
suitability map that supports decision-makers in planning reclamation and
post-closure land use in an informed, spatially explicit way.

From the bibliometric analysis results shown in Figure 10a it is seen that mine
closure and post-mining land use though being the smallest category still shows
meaningful long-term growth.

From just 12 papers in 2000, the numbers rise gradually, reaching over 100 by
2023-2025. Figure 10b shows that mine closure and post-mining land use shows
meaningful engagement in several leading mining nations. Thus, China (306) and the
United States (293) are the most active. Other countries including Australia, Canada,
Peru, Kazakhstan, Mexico, Turkiye, and Germany contributed modestly, while mini-
mal output from Chile, India, and South Africa suggest that research on this topic is
still emerging there.

The word cloud for mine closure and post-mining land use illustrated in Figure 11
highlights a strong focus on sustainable rehabilitation and ecosystem restoration, with
frequently occurring keywords including mine closure, closure planning, progressive
rehabilitation, final landform design, and land reclamation. Environmental recovery
strategies, such as tailings closure, soil remediation, water treatment, and acid mine
drainage mitigation, appear prominently, reflecting the critical role of minimizing
long-term environmental impacts. Biodiversity and ecosystem restoration, including
revegetation, habitat reconstruction, and wetland creation, indicate growing attention
to ecological sustainability. Advanced tools such as GIS, remote sensing, and UAV-
based monitoring are also emphasized, showing the adoption of digital technologies
for closure planning and performance assessment.
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Figure 10 — Results of bibliometric analysis for mine closure and post-mining land use stage
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5. Discussions

The temporal dynamics observed across the mining lifecycle stages reveal shifting
research priorities within the global mining sector over the past twenty-five years.
Exploration research shows the most sustained and accelerated growth, largely driven
by technological advancements in GIS, remote sensing, and machine-learning-
assisted mineral modeling [28]. In contrast, the mine planning and operation and pro-
duction stages follow more moderate and cyclical trajectories, likely reflecting com-
modity price volatility and cost-driven decision-making [29]. Meanwhile, environ-
mental monitoring and safety demonstrates consistent growth, underscoring the sec-
tor’s increasing orientation toward sustainability, real-time monitoring, and risk miti-
gation and these particularly after the widespread adoption of UAVs and sensor net-
works [30]. Although mine closure and post-mining land use remains the least repre-
sented category, its gradual upward trend suggests a growing commitment to long-
term ecological responsibility [31].

Cross-country comparisons reveal that China, Australia, and the United States
dominate research outputs across most lifecycle stages of mining, reflecting their ex-
tensive technical capacities and sustained investment in exploration, innovation, and
sustainability studies. This is evident in bibliometric profiles where China and the
USA often lead in publication volume, with Australia and Canada also frequently ap-
pearing among the most prolific contributors across environmental and closure re-
search domains [32]. Mine planning and operation research tend to be concentrated in
technologically mature countries such as Canada and the United States, where ad-
vanced frameworks for digital mine design, modeling, and operational optimization
appear prominently in specialized bibliometric subfields such as mine ventilation and
wastewater management [33]. Environmental monitoring and safety research show
broader geographic distribution, with notable contributions from South Africa, Brazil,
and other emerging research regions alongside major producers like China, Australia,
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and the USA, demonstrating the global engagement driven by regulatory and health
imperatives [34]. Although mine closure research remains comparatively limited
worldwide, scientometric analyses indicate a growing trend in countries with long
mining histories including Australia, Canada, and South Africa, underscoring a rising
commitment to long-term ecological and socio-environmental concerns [35].

In the context of this global landscape, the findings of this study highlight a note-
worthy and emerging research trajectory for Ukraine. Although Ukraine contributes
less overall volume than major mining economies, the country shows increasing en-
gagement in GIS-based studies related to environmental monitoring, mine safety, and
land rehabilitation [36]. This trend is particularly relevant in regions affected by long-
term coal extraction, iron ore mining, and recent war-related disruptions [37, 38]. The
expanding use of remote sensing to assess subsidence, tailings stability, and environ-
mental degradation signals a shift toward evidence-based environmental risk assess-
ment [39]. Looking ahead, Ukraine’s mining sector is poised to grow in several stra-
tegic research directions, including: (1) post-war environmental diagnostics supported
by GIS and UAV systems; (2) mine-closure design and long-term land-use planning
during reconstruction; (3) digital twins and real-time monitoring for legacy coal
mines; and (4) critical minerals exploration supported by Al-driven mapping. These
areas represent major opportunities for Ukraine to expand its contribution to sustain-
ability-oriented mining research. The analysis of keyword frequency across lifecycle
stages further supports these conclusions. Exploration is dominated by geospatial data
integration, remote sensing, and analytical approaches such as multicriteria decision-
making, geostatistics, and machine learning. Mine planning emphasizes optimization
algorithms, 3D modeling, and computational design. Operation and production re-
search focus on automation, equipment reliability, and real-time monitoring systems.
Environmental monitoring and safety increasingly incorporate UAV imaging, satel-
lite-based pollution tracking, and occupational risk analysis. Finally, mine closure and
post-mining land use research centers on rehabilitation, ecosystem restoration, and
long-term land management using GIS and remote sensing.

Despite these advancements, significant challenges remain. Key limitations in-
clude data gaps, inconsistent spatial resolution, and restricted access to high-quality
geological or environmental datasets [40]. Integrating heterogeneous data types like
those from LiDAR and UAV imagery to 10T sensors and legacy survey records still
remains technically complex and resource intensive. A shortage of multidisciplinary
expertise in geoscience, remote sensing, and spatial analytics further restricts effec-
tive GIS adoption [41, 42].

6. Conclusions

GIS has become a foundational technology across the entire mining lifecycle, en-
abling integrated spatial analysis that supports exploration targeting, mine planning,
operational monitoring, environmental oversight, and post-mining land management.
Its capacity to handle complex, multidimensional datasets provides the spatial intelli-
gence necessary for data-driven decisions that enhance technical efficiency, safety
performance, and long-term sustainability. The continued integration of GIS with RS,
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LiDAR, UAVs, 10T sensor networks, Al and ML algorithms, and cloud-based plat-
forms 1is rapidly expanding its analytical capabilities. These developments facilitate
near-real-time monitoring, predictive modeling, and advanced spatial analyses that
strengthen both operational optimization and environmental risk management. As
demonstrated by global case studies and cross-country research patterns, GIS plays
an increasingly central role in improving exploration efficiency, supporting digital
mine design, monitoring environmental change, and guiding mine-closure and land-
rehabilitation efforts.

Despite these advances, persistent challenges such as data quality and availability,
integration of heterogeneous datasets, computational demands, model uncertainty,
and shortages of multidisciplinary expertise still continue to limit the full realization
of GIS potential in many mining regions. Overcoming these constraints will require
continued technological innovation, expanded training, improved regulatory frame-
works, and the development of standardized, interoperable geospatial workflows.

Looking forward, GIS will always remain a critical tool of smart and sustainable
mining. The evolving research landscape suggests growing emphasis on real-time
monitoring, digital twins, 3D and even 4D modeling, and sustainability-based appli-
cations. In Ukraine, GIS offers particular promise for improving environmental moni-
toring, supporting post-conflict land rehabilitation, enhancing mine-closure planning,
and enabling modern exploration strategies based on advanced spatial analytics. As
the mining sector increasingly balances resource development with environmental
and societal responsibilities, GIS will continue to provide the essential spatial founda-
tion for informed, responsible, and future decision-making.
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rIC Y FIPHUYINA CMPABI: BCEOXOMHWUIA OrnAA TA BIBNIOMETPUYHUIN AHATI3 3ACTOCYBAHD,
BUKIUKIB TA HAMPSIMIB MAUBYTHLOIO
Gamyp M.O., lNosopyxa O.B.

AHorauis. lNipHnya cnpasa 3a CBOEK NPUPOLOI0 € NMPOCTOPOBO OPIEHTOBAHO, L0 BUMArae LeTanbHWUX 3HaHb NPo
reonorito, Tonorpadito, rigpornorito Ta iHhPacTPYKTYpy ANs NPURHSATTS 0BIPYHTOBAHWX PilLeHb HA BCIX eTanax XUTTEBOro
uukny. eoiHcpopmauinHi cuctemm (FlC) ctamm KmOYOBUM iHCTPYMEHTOM ANSt YNpaBRiHHS NMPOCTOPOBOK CKNALHICTIO,
iHTerpauii 6araToBUMIpHUX HAaOOPIB AaHWX i MIZTPUMKW MPOTHO3HOT aHAMITUKM Y TIPHWMIN iHxXeHepii Ta MeHekMeHTi. Llen
ornsg nobygoBaHWA Ha CUCTEMHOMY MigXO4i 4O y3ararnbHEHHS Cy4acHMX 3HaHb Npo 3actocyBaHHs [lC Ha Beix eTanax
KMTTEBOIO LMKITY FipHUYOro BUPpobHWLTBA, 6a3ytounch Ha aHanisi peLieH30BaHUX XypHanis, MaTepianis KOH(epeHLin i
TEXHIYHMX 3BiTIB, onybnikoaHux y 2000-2025 pokax. Jlitepatypa 6Oyna cucTemaTMyHO npoaHarnisoBaHa Ta
knacudikoBaHa 3a eTanami: po3Bigka, NnaHyBaHHs POAOBMULL, ekcrnyaTalist Ta BUPOOHULTBO, EKOMOTYHUIA MOHITOPWHT i
nicns ripHUYe 3eMNEKOPUCTYBAHHS.

Ha etani possigku [C cnpusie CTBOPEHHIO KapT MiHEpamnbHOro NoTEHUiany LWMsSXOM iHTerpauii reonorivHmx,
reodi3nYHNX i reoXiMiYHUX AaHMX i3 AUCTAHLIMHMM 3HIMKaMK, BUKOPUCTOBYIOUM METOAM BaraTokpuTepianbHoro aHanisy
pilleHb Ta HEYITKOI Noriku Ang BpaxyBaHHs HeBu3HaueHocTi. [lig yac nnaHyBanHs [1C nigTpumye BMGIp AinsHKY,
NPOEKTYBaHHS Kap'epy, po3TallyBaHHS iHDPACTPYKTYpKU Ta OUIHKY pecypciB, YacTo y noegHaHHi 3 3D-MoaentoBaHHAM i
crneuianisoBaHnM nporpamHuM 3abesneyveHHsM Ans nnaHyeaHHs. Ha etani ekcnnyartauii iHTerposani [1C-naHeni 3
cuctemamu loT i SCADA 3abe3nevytoTb MOHITOPUHT Yy peanbHOMy u4aci obrnagHaHHs, nepcoHamny Ta CTaHy
HABKOINMLUHLOTO CEpedoBuLLa, MigBMLLYOYM eEKTUBHICTL BMpoOHMUTBA Ta 6Oe3neky. [IC Takox € OCHOBOH
€KONOMYHOMO MOHITOPUHTY Ta MiCns TPHAYOI peKynbTMBaLlil, 30KpEMA KapTyBaHHS 3abpyAHEHHs, OLUiHKA CTaHy
XBOCTOCXOBMLL, aHani3y NpuaaTHOCTI 3EMENb | MOHITOPWHIY 3MiH 3a JOMOMOrOK YaCoBWX PALIB CYMYTHUKOBUX JaHMX.

lMonpwn cBOKW YHiBEPCANbHICTb, BNpoBamKeHHsI [1C CTUKAETHCS 3 HW3KOK BUKIMKIB — OBMEXEHOK AOCTYMHICTHO
AAHUX, CKNAOHICTHO iHTerpaLii, BUCOKMMM 0BYNCIIIOBaNbHUMM BUMOTaMmM Ta HeCTauero keanidikoBaHux kagpie. HOBITHI
TEXHONOril, TaKi AK WTYYHMI iHTenekT (Al), MawmHHe HaB4aHHs, IHTepHeT peven (IoT), xmapHi nnatdopmu ta ARVR,
BiAKPMBAOTb HOBI MOXMMBOCTI ANS NOAOMAHHS LUX 0OMEXEHDb i PO3BUTKY PO3YMHOrO, CTanoro ripHM40ro BUPOOHMLTEA.
Llen ornag nigkpecnioe, wo IC € TpaHcopMaLiitHuM iHCTPYMEHTOM ANst ONMTUMI3aLii onepavift, 3HWKEHHS! PU3NKIB |
NATPUMKM €KONOTIYHOI BiANOBIAANBHOCTI, aKUEHTYHYM Ha HEeobXigHOCTI MoAanblUMX iHHOBALiW, MiXOMCUMMMIHAPHOI
cniBnpaui Ta ctaHaapTu3auii poboumnx NpoLEciB Ans NOBHOTO POKPUTTA ii NOTEHLiany.

Knioyosi cnosa: I'C, X1TTEBUIA LMK FiPHUYOrO BUPOBHWLTBA, NPOCTOPOBWIA aHanis, AUCTaHLiliHe 30HOYBaHHS,
CTanuit po3BMTOK ripHUYOI cnipasy, 6ibnioMeTPUYHMIA aHania.
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