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Unmanned aerial vehicles (UAVs) are being used more frequently nowadays because of advancements in sensor

and control technologies. They can use a range of single-band, multispectral, and hyperspectral sensors, including

those that function in visible, infrared, and microwave spectrums. Their application in heritage and archaeological

site mapping, transportation, civil engineering, agriculture, landscape mapping, wildlife conservation, infrastructure

inspection, and search and rescue have been investigated in several studies.
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1. Introduction

Mine site closure and abandonment are becoming more severe and profound challenges for most stakeholders

worldwide. Due to the substantial disruption caused by mining, post-mine closure differs significantly from non-

mining restoration programs . In this regard, closure is defined as restoring damaged sites to their initial states

of productivity and self-sufficiency while recognising the site’s and the area’s beneficial uses . Restoration aims to

create a self-sufficient ecosystem that can sustain itself without outside intervention . Numerous countries have

enacted legislation mandating mining companies adhere to strict criteria for restored topsoil, vegetation, and water

quality following mine rehabilitation . To accomplish these tasks, comprehensive management is required.

However, management is impossible without monitoring and measurement. Monitoring and measuring the

progress of a mine closure program is one of the critical challenges for all stakeholders engaged in the project .

The type of information needed changes as the closure area develops, and stakeholders should be aware that the

system is moving toward a stable, sustainable state and that its constituent parts are evolving correctly . Scholars

have reported  that within the life of a mine (LoM), especially in its closure and rehabilitation phases, keeping

track of updates, progressively planning and managing operations, determining and managing risks, and achieving

a social licence to operate are significant challenges for mining companies . Hence, for the mining,

administrative, and consulting sectors, having monitoring and interpreting tools that offer information on many of

the difficulties encountered during mine closure would be invaluable . Given the complexity of the systems being

controlled, Tongway and Ludwig  refer to an integrated monitoring approach as a “toolbox” that employs several

monitoring techniques during the project. This “toolbox” of methods can be used to demonstrate the evidence of

achieving a predetermined completion requirement. Currently, neither regulators nor operators have an integrated

software package to manage and continuously regulate crucial inputs and the process of generating a mine closure

framework.
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In recent decades, several data collection techniques have been introduced by researchers. For acquiring precise

terrain surfaces, survey methods like the Real-Time Kinematic Global Positioning System (RTK-GPS) and

electronic distance measuring (Total Station) are frequently used . However, because of the size of the field of

interest, the time-consuming nature of terrestrial surveying, the risks associated with direct monitoring, and the

difficulty of accessing some areas, terrestrial surveying is usually not an appropriate data collection method.

Typically, three remote sensing methods—satellites, human-crewed aircraft, and unmanned aerial vehicles (UAVs)

—can capture high-resolution photographs of vast areas . Satellites may be constrained by insufficient spatial

resolution, cloud cover, the running cycle, and the height of an orbit. Piloted planes may be constrained by airspace

restrictions, sun angle and weather . UAV-based remote sensing systems feature both common airborne

characteristics and distinctive characteristics. The technology could well be utilised in high-risk regions or on windy

days and can be swiftly and routinely operated. Despite this, the system’s limited coverage area results from its

short battery life. UAVs can also operate close to their intended targets while collecting high-quality photos .

Therefore, UAV remote sensing is a versatile and effective method of getting high-resolution photographs. It offers

precise information from low altitudes and is less expensive than satellites and human-crewed aircraft .

UAVs are being used more frequently nowadays because of advancements in sensor and control technologies.

They can use a range of single-band, multispectral, and hyperspectral sensors, including those that function in

visible, infrared, and microwave spectrums . Their application in heritage and archaeological site mapping ,

transportation , civil engineering , agriculture , landscape mapping , wildlife conservation ,

infrastructure inspection , and search and rescue  have been investigated in several studies. According to

McKenna, et al. , who conducted a study on the use of remote sensing in mine rehabilitation over more than 50

years, drones have become increasingly popular in recent years. The study found that although 50% of the studies

used data from Landsat sensors throughout the 50-year period, other types of sensors became more prevalent

over time, particularly between 2010 and 2019. In fact, during the years 2017–2019, drones were used in 25% of

the studies, while aerial hyperspectral, aerial optical, high-resolution earth observation Satellite Pour l’Observation

de la Terre (SPOT), and WorldView were used in 8%, 4%, 5%, and 3% of the studies, respectively.

2. Application of UAVs in Mine Closure/Rehabilitation
Projects

UAVs are used in mining to map sites, inspect the equipment, and gather data . This information is useful in

planning mining operations and monitoring environmental impacts. UAVs enable the faster and more efficient

maintenance and repair of equipment . Studies also aim to quantify mineral resources and characterise

geomorphic properties . Therefore, as seen in Figure 1, the applications of UAVs in the mining industry can

be categorised into four groups: Exploration, Exploitation, Reclamation, and Miscellaneous. Figure 1 illustrates the

present and possible uses in each category.
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Figure 1. The present and potential utilisation of UAVs in the mining industry.
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Mine rehabilitation monitoring is a new branch of remote sensing applications in the mining industry. As stated by

Padró, et al. , UAV imagery was not used specifically for monitoring opencast mine restorations in a

“standardised” way before 2019. However, some studies in recent years tried to fill the gaps and establish a

foundation for more comprehensive studies . Some studies tried to extract the changes in the ground

surface by the differentiation of extraction and collection sites in exploited areas . Xiang, et al.  evaluated

the geomorphic changes associated with mining in northeast Beijing. Digital elevation models (DEMs) were

generated from high-resolution photos collected with a UAV in 2014 and 2016. A geomorphic change assessment

was conducted using two methodologies. As a first step, the differences between the two DEMs were quantitatively

estimated on a cell-by-cell basis to determine the detectable area, volumetric changes, and the mined tonnage.

The volumetric changes in these accumulation areas primarily represent the increase in tailings over the two years

that were taken into consideration.

In addition, the slope local length of autocorrelation (SLLAC) was used to retrieve the extent of the open pit using

an empirical model to determine the surface covered by open-pit mining. Based on the DoD analysis, real changes

and volumetric changes could be estimated, while the SLLAC analysis and its derived parameters (SPC, Surface

Peak Curvature) have allowed for detailed depictions of terraces and open pit mine extent. Mining companies could

use this information to plan production and environmental recovery carefully. By applying DoD and SLLAC, a

substantial time series dataset can be derived, which might assist in planning for sustainable environmental

management or minimise the effects of anthropogenic modifications caused by mining.

Padró, et al.  conducted a study on the restoration of a medium-sized open-pit mine (<10 ha) using a small,

lightweight rotary-wing UAV equipped with sensors with a spatial resolution of 9 cm. The study used highly

automated batch processes to reduce fieldwork time significantly compared to traditional inspection methods. The

fieldwork involved geometric stacks maintenance, field Spectro Radiometric measurements, and UAV flight. With

just two hours of ground-truth data collection and UAV flight, the restored area of 10 ha was thoroughly inspected.

An operator took two working days to process the collected data. The research utilised the k-Nearest Neighbour

(kNN) classification algorithm  to classify land cover automatically. The kNN algorithm is known for its resilience

when distinct spectral responses are linked to a single informational class . The study used multispectral

sensors, low-cost radiometric reference panels, and a field Spectro Radiometer to produce detailed maps,

including orthophoto maps, Digital Elevation Models, Digital Surface Models, vegetation indices, and thematic land

cover maps. The maps were categorised into six categories—Mine waste, Topsoil, Tree cover, Shrublands,

Grasslands, and Remaining shadows—and yielded an accuracy rate of over 94%.

Moudrý, et al.  evaluated the effectiveness of UAV-derived RGB and airborne-derived Light Detection and

Ranging (LiDAR) point clouds in characterising a post-mining site. The researchers took images under two

conditions, leaf-off and leaf-on. They found that point densities in photogrammetrically acquired point clouds under

leaf-off conditions exceeded those acquired under leaf-on conditions, and provided complete coverage of the study

area. The study also revealed that the accuracy of the digital terrain model (DTM) derived from images (UAV-

based) acquired under leaf-off conditions was comparable to that of the LiDAR-derived DTM. However, the

accuracy of UAV-based DTMs decreased in the following order: forest, steppes, and aquatic vegetation. Moudrý, et
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al.  suggested that leaf-off UAV imagery could be an effective and cost-efficient alternative for building DTMs for

assessing risks associated with the instability of spoil bank terrain. Additionally, Moudrý, et al.  proposed that a

combination of leaf-off and leaf-on acquisitions has the potential to replace expensive airborne LiDAR surveys for

applications that require information on vegetation cover or height. Moreover, the usage of UAV imagery during

both leafless and leafy seasons has the potential to enable the estimation of vegetation’s structural characteristics,

which could assist in examining the susceptibility for slope collapse or determining the effectiveness of restoration

efforts. Nonetheless, more investigation is necessary to quantitatively assess the images’ sensitivity and examine

this technique’s possibilities .

To generate cartographic outputs for a quarry restoration using UAV, Carabassa, et al.  developed a unified

process by combining various remote sensing applications. This involved using image processing techniques and

terrain analysis algorithms for supervised land cover classification. They used a Scale-Invariant Feature Transform

(SIFT) algorithm to create a database of singular points. The outputs included ortho imagery, Digital Surface

Models (DSM), land cover maps, volume variation calculations, dust deposition and erosion identification, and

drainage network evaluation maps. The land cover classification was conducted using both multispectral and

visible RGB sensors, with the latter yielding the Modified Green Red Vegetation Index (MGRVI), Brightness Index

(BI), and Triangular Greenness Index (TGI), while the Normalized Difference Vegetation Index (NDVI) was derived

from multispectral imagery. To derive new products like vegetation, change or soil loss from erosion, time series

data would be useful for comparison. Such extensive data could lead to increased monitoring and scientific

interest, enabling the study of ecological and hydrological processes. Other products, such as those related to

geotechnical risks or pest infestations, could be included to enhance the workflow. Adopting this approach can

facilitate the large-scale monitoring of land restoration, optimise resources, promote sustainable practices, and

foster collaboration among companies, environmental scientists, and public authorities.

Open-pit mining activity often results in the direct emission of particulates and gases into the atmosphere. To

identify potential hazards, Nguyen, et al.  proposed an air quality monitoring system and spatial analysis using

UAVs. They integrated gas and dust sensors into the UAV and used different spatial interpolation methods,

including trilinear interpolation, nearest neighbour, and natural neighbour, to derive air concentration levels of CO,

SO , PM2.5, and CO  in the atmosphere of open-pit coal mines (see Figure 2). The examined hazards included

SO , CO , CO, and PM2.5. The results indicate that the UAV-based air quality monitoring system performed safely

and efficiently in deep open-pit coal mines. The proposed approach was considered an additional option with

simple procedures and an acceptable price to estimate the accurate 3D distribution of air quality in open-pit mines

with flexibility.
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Figure 2. Contour plots and volume rendering of gases including CO, SO , PM2.5, and CO  .

Drone-acquired imagery is an important tool for the morphometric characterisation of terrains in open-pit mining,

particularly for studying erosion processes in restored areas. Padró, et al.  have put forward a novel approach

for estimating the Digital Elevation Model (DEM) in advance of the erosion process using data acquired by UAVs

and Geographic Information System (GIS) techniques. Specifically, hydrologic analysis, such as channel network

and watershed detection, was employed to estimate the DEMT0. The difference between the estimated DEM T

and the current DEM T  was calculated to obtain a DoD. The DoD was used to determine the extent of the

estimated eroded area and volume of soil between T  and T . A case study was conducted to demonstrate the

practical application of this approach. A workflow for detecting and calculating erosion was implemented, yielding

valuable information for the management of quarry restoration. The approach proved to be especially effective in

identifying areas with high erosion rates and corresponding soil accumulation. Additionally, the control of slope and

erosion rates facilitates identifying and monitoring areas with active erosion, thereby aiding in the decision-making

process for implementing stabilisation measures in highly susceptible landslide areas. Overall, the proposed

method has demonstrated its suitability for mining operations and other similar geomorphological scenarios. Its

successful application highlights its potential for widespread use in environmental monitoring and management,

offering valuable insights into terrain characterisation and erosion processes. With the ability to accurately estimate

and monitor changes in terrain, this approach provides a powerful tool for enhancing restoration efforts and

promoting sustainable mining practices.
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Russell, et al.  suggested a novel approach for determining the necessary filling material for restoration by

utilising data from drones and GIS processing. However, the main contribution of the method was in extending the

analysis beyond the excavation area to include the surrounding terrain in the relief restoration model. The study

was conducted in Montsià, Masdenverge municipality, Tarragona province, Catalonia, located in Northeast Spain.

The approach involved referencing the DEM obtained from the drone with control points taken from the official

agency’s model, which improved the precision and comprehensiveness of the analysis. A digital height difference

model (DHdM) was obtained by dividing the DEMs and used in volume change calculations. The method improved

the accuracy of the restored relief model and provided information on the surrounding terrain. Additionally, the

water flow behaviour confirmed that the modelled relief was well integrated with the environment. Users evaluated

the tool, which enabled the easy and precise estimation of the required filling material for restoring the excavation

pit morphology and predicting its environmental impact. Due to its high spatial resolution and accurate

mathematical operations, the method provided useful criteria for decision-making in the treatment and restoration

of excavation sites. Russell, et al.  indicated that future research should focus on incorporating additional

variables to increase the effectiveness and reliability of the models.
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