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MONITORING VOLUMETRIC CHANGES IN MINING WASTE-DUMPS USING VERY
HIGH-RESOLUTION SATELLITE IMAGERY, IN-SITU GNSS DATA, AND SFM UAV DATA FUSION

Accurate volumetric estimation of mining waste-dumps is crucial for cost management and environ-
mental monitoring. In this study of an active marble quarry, we evaluated the accuracy and reliability of
digital elevation models (DEMs) derived from two very high-resolution (VHR) satellites — Pléiades Neo
(PleN) tri-stereo and WorldView-2 (WV2) — compared to a reliable high-precision UAV-based model.
Recording for the three DEMs was performed by extracting 30 secondary ground control points that
were easily recognizable in the different DEMs. Evaluation involved the selection of stable control plots,
where no surface changes were apparent in visual inspection. For these control areas, we evaluated the
altimetric differences of the satellite-derived DEMs compared to the UAV DEM, finding that PleN and
WV2 yielded mean vertical offsets of —11.7 cm and —18.6 cm (root mean square errors of 24.8 cm and
20.7 cm), respectively. Our findings underscore the potential of VHR satellite imagery for the evaluation
of mining waste volumes and provide guidelines for optimal georeferencing and recording of periodically
generated DEMs using UAV-derived DEMs obtained at specific points in time.
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1. Introduction

The mining industry, in playing a crucial supply role for energy and raw materials, holds a key
position in the global economy. However, its operations also present significant environmental
and social challenges that must be carefully managed. The rising demand for mining resources has
led to the accumulation of large volumes of mining waste, posing serious environmental risks [1].
These risks include soil and water contamination, fertile land erosion, landscape degradation, and
substantial visual impacts [2-4]. Addressing these issues is essential to ensuring the long-term
sustainability of the mining sector.
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In this context, accurately quantifying earth movements is crucial, as compliance with waste
management policies requires records of the surface of the extraction site and the amount and
type of waste [5]. Having available rapid and reliable tools for continuously monitoring a mine’s
topography is extremely beneficial, as this enables real-time decision-making and enhances the
overall efficiency, safety, and environmental sustainability of operations [6-7]. Monitoring can
be done through terrain surveys and 3D models, which can be used to calculate the volume of
deposed material [8]. Digital elevation models (DEMs) are essential for tasks such as estimating
waste-dump volumes and monitoring extraction operations [9].

Traditionally, volume measurements are carried out by specialist technicians, who are
required to conduct substantial fieldwork in often difficult environmental conditions; when the
surface area is very large, an aircraft photogrammetric flight is often commissioned. However,
this approach is inefficient in terms of both time and data results, and moreover, the financial
and logistical costs are significant [10-11]. The emergence of unmanned aerial vehicles (UAVs),
i.e., drones, has opened up a whole new perspective, and in recent years their use in combination
with photogrammetric techniques, e.g., the structure-from-motion (SfM) approach [12] has in-
creased in remote sensing research [13]. This technology is appealing given its ability to capture
data at a low cost and with high spatial and temporal resolution, possibly even yielding greater
accuracy and detail than terrestrial geodesic measurements [14-15]. Numerous studies across
various knowledge fields, such as flood risk assessment, construction, agriculture, and mining,
have employed drones to generate DEMs with satisfactory results [16-19].

With the emergence of very high-resolution (VHR) satellites such as IKONOS, GeoEye-1,
Pléiades Neo (PleN), and WorldView-2 (WV2), satellite imagery has become increasingly im-
portant for photogrammetric applications, with VHR image (<1 m pixel) archives having grown
exponentially in the past decade [20]. The rapidity of data acquisition and the large surface area
covered by VHR satellite images make for applications that are both cost effective and efficient
[21], as evidenced by the growing number of studies that employ these images to generate DEMs
[22-24]. However, the precision and accuracy of satellite-derived DEMs is still debated. Loghin
et al. [25] examined the vertical accuracy of Pléiades tri-stereo and WorldView-3 (WV3) DEMs
compared to the light-detection-and-ranging (LiDAR) technology in open, vegetation-free areas,
achieving root mean square error (RMSE) values of 0.96 m and 0.37 m, respectively. Similarly,
Zhou et al. [26], on comparing Pléiades tri-stereo to LIDAR, obtained vertical accuracy of 0.3 m.
While these results are undoubtedly positive, in that they highlight the remarkable potential of
this technology, they have not yet led to VHR satellite imagery becoming the standard for DEM
generation. Data processing challenges persist, along with concerns regarding the consistency
of georeferencing across images from different dates or sources.

The primary objective of our study was to assess the effectiveness of combining VHR
satellite imagery from different dates and sources, in-situ Global Navigation Satellite System
(GNSS) data collection, and high-resolution UAV imagery to periodically monitor volumetric
changes in a mining waste-dump.

2. Material and methods

The methodological workflow for this study is described in Fig. 1. The process began with
fieldwork, which included several land surveys —aimed at collecting ground control point (GCP)
data — and five UAV photogrammetric flights. The surveys were conducted around the same
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Fig. 1. Study methodology workflow. The red-dashed box indicates the workflow of the proposed approach
to periodically generate digital elevation models (DEMs) with very high-resolution (VHR) satellite imagery.

The blue-dashed box outlines the workflow for the results validation process

time as the acquisition of PleN tri-stereo images, while the stereo WV2 images were acquired

six months later.

Using the UAV imagery and the collected GCP data, a VHR DEM was generated. This DEM
served as the ‘ground truth’ reference for subsequent comparisons and was also used to extract

new secondary GCPs to improve the georeferencing of the satellite-derived DEMs.
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To validate the accuracy of the satellite-derived DEMs, differences between models were
assessed within specific measurement plots. These plots enabled calculation of the vertical offset
of the satellite-derived DEMs compared to the UAV-derived DEM.

2.1. Study site

The study was conducted in the waste-dump area of a marble quarry located in Gummern,
northwest of Villach in southern Austria (Fig. 2). The study site (including the waste dump and
its surroundings) measures 68.63 ha. The waste-dump is in a mountainous region characterized
by steep slopes, significant elevation changes, and dense beech and coniferous forests. Within
the study area, extensive restoration and revegetation efforts have been implemented. The lower
sections remain largely intact in their natural state, and the restoration process has progressed
upwards in a tiered system, with access roads, used during the restoration works, separating
each level. In the lower tiers, an advanced state of natural revegetation confirms the success of
restoration activities.

407500 407750 408000 408250 408500

: Vienna
. *,
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Fig. 2. Study area. Location of the marble quarry waste-dump in Gummern, northwest of Villach, Austria
(coordinate reference system: EPSG25833)

2.2. Satellite imagery

Pléiades Neo, a constellation of four VHR satellites developed and operated by Airbus
Defence and Space, was launched in pairs on 28 April 2021 and 16 August 2021. This constel-
lation operates in a 700 km orbit with two orbital planes, allowing intra-day revisit times. The
PleN sensor provides panchromatic images with a ground sampling distance (GSD) of 30 cm and
multispectral images with a resolution of 1.20 m. The images used in this study were submetric-



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

resolution panchromatic images, extensively covering the quarry and its surroundings. Three
images with different acquisition angles were used (TABLE 1).

TABLE 1
Pléiades Neo (PleN) tri-stereo image details (coordinate reference system: EPSG4258)
Image 1 2 3
Rows 37887 37409 37880
Columns 38965 38842 38861
Acquisition time 2023-10-02 2023-10-02 2023-10-02
T10:49:03.000Z T10:49:03.000Z T10:49:03.000Z
Northwest longitude (deg) 13.7167761 13.7169622 13.7163213
Northwest latitude (deg) 46.7101196 46.7105994 46.7125232
Southeast longitude (deg) 13.8706810 13.8707185 13.8719568
Southeast latitude (deg) 46.6080361 46.6081649 46.6071735

The WV2 satellite, launched by DigitalGlobe in October 2009, includes a panchromatic
band with a spatial resolution of 0.50 m. A set of stereo images captured on 12 April 2024 were
used (TABLE 2).

TABLE 2

WorldView-2 (WV2) stereo image details (coordinate reference system: EPSG4258)

Image 1 2
Rows 20120 20120
Columns 20943 20943

Acquisition time

2024-04-12T10:08:37.246120Z

2024-04-12T10:09:18.846073Z

Northwest longitude (deg)

13.73035022

13.73035022

Northwest latitude (deg) 46.70423254 46.70423254
Southeast longitude (deg) 13.86524609 13.86524609
Southeast latitude (deg) 46.61510588 46.61510588

2.3. UAY, camera, and flights

A series of UAV flights over the entire surface of the waste-dump captured multiple high-
resolution aerial images, ensuring a high degree of overlap. This operation was carried out using
the DJI Mavic 3M UAYV, equipped with a 4/3-inch CMOS RGB sensor (20 MP resolution) and
a multispectral camera system with four lenses capable of detecting wavelengths in the green,
red, red-edge, and near-infrared (NIR) spectra. The RGB sensor had an 84° field of view (FOV),
24 mm equivalent focal length, /2.8 to f/11 aperture, and an ISO range of 100-6400. Shutter
speed was 8-1/8000 s for the electronic shutter, and 8-1/2000 s for the mechanical shutter, with
a maximum image size of 5280x3956. The DJI Mavic 3M also features a real-time kinematics
(RTK) module for centimetre-level positioning, essential for precision mapping.

Mission planning was done with the DJI Pilot 2 application. A surface of 53 ha, corresponding
to the inside perimeter of the waste-dump, was covered by three flights, which lasted approxi-
mately 42 minutes each. The UAV flew at a constant height of 117 m above the terrain at a flight
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speed of 5.1 m/s, resulting in a GSD of 5.4 cm. Flights were planned with 72% overlap and 65%
sidelap. A total of 2,155 photos were taken, including the multispectral images. Due to varying
lighting conditions in the study area during the flights (a mix of clouds and sun), exposure was
set to automatic. Exposure times ranged from 1/500 s to 1/2000 s, with apertures between /2.8
and f/4.5. ISO sensitivity varied from 100 to 420. The focal length remained fixed at 12 mm,
with a maximum aperture of 2.97.

During the flights, the DJI D-RTK 2 High Precision GNSS Mobile Station, established as
the RTK base station at one of the highest points of the waste-dump, offered specific root mean
square (RMS) accuracy of 1 cm+1 ppm horizontally and 2 cm+1 ppm vertically in RTK FIX mode.

2.3.1. GCP establishment

Accurate georeferencing is a crucial component of aerial photogrammetry with drones, as it
enables geographic coordinates to be accurately assigned to points in flight-captured images [27].

The first step was to establish GCPs to serve as known geographic references that would
enhance and correct georeferencing accuracy. A total of 11 GCPs were established following
a stratified distribution across the waste-dump levels, as this method has been demonstrated to
produce small dispersion errors [28]. To ensure the points were easily identifiable in the UAV
images, they were marked on the ground using a topographic aerosol paint (Fig. 3a).

Precise GCP coordinates were measured using a high-precision Carlson BRx7 GNSS receiver
(Fig. 3b). Measurements, made using RTK connected to the Austrian Position Service (APOS)
network via an NTRIP protocol, employed RTCM 3.2 and Virtual Reference Station (VRS). The
coordinates were recorded with centimetre-level accuracy.

Fig. 3. Implementation of ground control points (GCP). Marking and measuring ground control points (a).
Carlson BRx7 GNSS receiver (b)
2.3.2. SfM processing and DEM extraction

Since studies from various scientific fields support the reliability of Agisoft Metashape Pro-
fessional (AMP) v.2.1.0 [29] in generating 3D models [30-33], this software was used for drone
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flight image alignment and processing aimed at generating various photogrammetric products,
including the DEM.

Images were aligned using the high accuracy option and the generic preselection option to
reduce processing time. Following Sanz-Ablanedo et al. [27], 40,000 key point limits and 4,000 tie
point limits per image were considered. Image alignment required 1 h 28 min of processing time,
resulting in 1,241,016 tie points. All images (100%) were successfully aligned.

To perform the georeferencing, the GCPs were uploaded into the AMP project for automatic
positioning based on their coordinates. To further improve georeferencing accuracy, manual reposi-
tioning was performed by aligning the GCPs with the painted ground markers observed in the images.

Subsequently, a dense point cloud was generated using the high accuracy and mild filtering
modes. This process, which was completed in 2 h 16 min, resulted in a point cloud of nearly 279
million points, from which the DEM was derived, resulting in a raster file with a GSD of 5.73 cm.

2.4. Satellite imagery processing and georeferencing

To import the satellite images into the AMP project, it was necessary to first preprocesses
them with the GDAL library [34], so as to convert the original PleN JPEG2000 image format to
GeoTIFF with rational polynomial coefficient (RPC) metadata information. For WV2, the GDAL
library was also necessary to combine all the image files in one single raster. From this point,
SfM processing was as described in Section 2.3.2. Due to the great slopes in some areas of the
quarry, empty gaps (blind spots) were evident on generating the high-quality dense point cloud.
To fill these gaps, a medium-quality dense point cloud was also generated, which, thanks to the
less restrictive parameters, showed no empty gaps. On merging both, the high-quality dense point
cloud gaps were filled with the medium-quality dense point cloud data.

The RCP metadata-based georeferencing was found to be imprecise, as horizontal and vertical
errors ranging from several to hundreds of metres were evident. Compared to the UAV-derived
model, the PleN reconstruction exhibited horizontal displacement of over 700 m to the northwest
and the WV2 model showed a much smaller offset of under 4 m in the same direction. These
discrepancies rendered the satellite-derived DEMs unsuitable for direct application and measure-
ment, as their geolocations did not align with the UAV-derived DEM. To accurately georeference
the satellite-derived DEMs, 30 easily identifiable features — such as building corners, rocks, and
other such distinctive objects — were selected in the 3D UAV DEM to serve as ground-truth refer-
ences. These points were subsequently matched and transferred onto the satellite images (Fig. 4).

Fig. 4. Precise georeferencing of satellite imagery based on ground control points (GCPs).
Coordinate extraction of recognizable points in satellite imagery (a) and unmanned aerial vehicle (UAV)
digital elevation model (DEM) (b)
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The pixel size of the UAV-derived DEM was also resampled, as the original pixel size of
the drone model of 5.73 cm needed to be resampled to 30 cm and 50 cm to match the PleN DEM
and WV2 DEM, respectively.

2.5. Volumetric and vertical accuracy calculations

Following a methodology similar to that of [5], to analyse altimetric discrepancies between
the various DEMs, the UAV-derived DEM was subtracted from each satellite-derived DEM (PleN
and WV2). Active areas of the waste-dump — showing variations due to time differences between
image acquisition — are shown in Figs. 5a (PleN) and 5b (WV2).

In the non-active zones of the waste-dump area — where no significant visual changes were
detected — 30 evenly distributed circular control plots were established (Fig. Sc), with diameters
ranging from 5 m to 15 m. Within these plots, volumetric and altimetric differences between the
DEMs were evaluated pixel by pixel. Calculated for each satellite-derived DEM were the mean
altitude difference, root mean square error (RMSE), and standard deviation (SD) values. Addi-
tionally, cross-sectional profiles were extracted at three different locations (Fig. 5d) to visually
illustrate the differences between the DEMs used in this study. Profiles 1 and 2 were located
in areas affected by waste accumulation and were used to depict the topographic changes over
time, whereas profile 3 was extracted from a non-variated area and served as a reference for
assessing inter-dataset differences in stable terrain.

150 300m

Fig. 5. Plots used for volume measurement for Pléiades Neo (PleN) tri-stereo (a) and WorldView-2 (WV2) (b),
and reference plots located in non-variated areas as used for precision assessment (c). Location of the three
cross-sectional profiles extracted at waste accumulation areas (profiles 1 and 2) and at non-variated area
during the study period (profile 3) (d)
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3. Results

The altitude differences observed between the PleN DEM and the UAV-derived DEM
and between the WV2 DEM and UAV-derived DEM are depicted in Fig. 6. For both the PleN
DEM (Fig. 6a) and WV2 DEM (Fig. 6b), areas with deposed and removed material were well
identified at first sight. Note that horizontal banding in the PleN DEM generated the altimetric
sinuosity evident in Fig. 6a (particularly in the southern half of the waste-dump), a phenomenon
not observed in the WV2 DEM (Fig. 6b).

Non-disturbed vegetated surfaces, located principally in the northern and western areas of
the study site, showed the highest altitude differences. The PleN DEM tended to overestimate

PleN tri-stereo
October 2023

WvV2
April 2024

Altitude differences (m)
-c-5 05-1
--5--2 --2
--2--1 =2-5

-1--0,5 ->5
m=-05-0,5

0 250

Fig. 6. Observed altitude differences (m) between the unmanned aerial vehicle (UAV) digital elevation model
(DEM) from September 2023 and the Pléiades Neo (PleN) tri-stereo DEM from October 2023 (a)
and the WorldView-2 (WV2) DEM from April 2024 (b)
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vegetation height, with the greatest errors observed for mature vegetation and taller trees; smaller
vegetation (shrubs and young trees) on the upper levels of the revegetated areas — principally on
the west side — only showed differences of under 0.5 m/pixel. In contrast, the WV2 DEM tended
to underestimate vegetation height, with the greatest errors likewise observed for taller vegeta-
tion. Levels of noise in shrubs and small vegetation were higher in the WV2 DEM compared
to the PleN DEM. On comparing noise in the waste-dump active areas, both models presented
broadly similar levels (slightly higher in the WV2 model), a fact that is more easily observed in
the volume difference models (Fig. 7).

Regarding volume differences, the PleN DEM (Fig. 7a) presented values that did not exceed
the range £0.1 m*/pixel in non-variated active waste-dump areas and small vegetation surfaces.

PleN tri-stereo
October 2023

Wv2
April 2024

Volume difference (m3/px)

--26--1 =0-0,1
-1--0,5 0,1-02
0,5--0,3 02-0,3
03-02  ™03-05
02--01  =m05-1

=--0,1-0 -i-2

0 250 500m

Fig. 7. Observed volume difference (m?/pixel) between the unmanned aerial vehicle (UAV) digital elevation
model (DEM) from September 2023 and the Pléiades Neo (PleN) tri-stereo DEM from October 2023 (a)
and the WorldView-2 (WV2) DEM from April 2024 (b)
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Deposed and removed material areas were easily identified at first sight. As with the altitude
model, the greatest volume misassignments were observed for tall trees. Compared to the PleN
DEM, the WV2 DEM (Fig. 7b) showed a slightly higher volume difference range in non-variated
active waste-dump areas, with values in the range of £0.3 m*/pixel.

Focusing on the active waste-dump surface, satisfactory results were achieved for material
movements throughout the temporal evolution of the waste-dump (Fig. 8). For PleN imagery,
given that only one month had elapsed since the UAV flight, the amount of removed material
was small (Fig. 8a). In contrast, for WV2 imagery, six months had passed, and consequently,
major changes were evident in the waste-dump, which showed large surface area with deposed
material (Fig. 8b).

2% 47

P
UAV flight
September 2023

UAV flight
September 2023

PleN tri-stereo

October 2023 April 2024

Volume difference (m?/px)
- 0-01
1-05 01-02
0,5--03 02-03
03-02 W03-05
02-01 Wm05-1
01-0  wm>1
0 50 100m

Fig. 8. Temporal evolution and detected volume differences for the period between the unmanned aerial vehicle
(UAV) flight from September 2023 and the Pléiades Neo (PleN) tri-stereo imagery from October 2023 (a)
and the WorldView-2 (WV2) imagery from April 2024 (b)

3.1. Volumetric and vertical accuracy results

According to the volume measurement plots, during the one-month period between the
UAV flight and the PleN tri-stereo imagery, 11,310.3 m? of material was deposited, whereas only
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74.6 m* was removed. In contrast, during the six-month period between the UAV flight and the
WV2 imagery, 111,776.4 m? of material was deposed while 926.0 m? was removed.

Vertical accuracy assessments revealed an average vertical offset per pixel of —11.7 cm
(RMSE = 24.8 cm) for the PleN tri-stereo height model and —18.6 cm (RMSE = 20.7 c¢m) for
the WV2 height model. In bare terrain areas, the mean SD was +22.6 cm for PleN and a slightly
lower for WV2 (+17.9 cm), indicating a marginally better vertical consistency of the WV2-derived
elevation model.

Cross-sectional profiles extracted at representative locations further illustrate both the
temporal evolution of waste accumulation and the differences between the evaluated DEMs
(Fig. 9). In profile 1, minor waste accumulation occurred between the UAV flight and the PleN
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Fig. 9. Cross-sectional profiles derived from the UAV digital elevation model (DEM), the Pléiades Neo (PleN)
tri-stereo DEM, and the Worldview-2 (WV2) DEM at different locations (Fig. 5d). Cross-sectional profile 1,
where minor waste accumulation occurred between the UAV flight and the PleN imagery, whereas substantial
waste accumulations occurred by the time WV2 imagery was acquired (a). Cross-sectional profile 2,
where waste accumulation increased between the acquisition of the PleN and WV?2 datasets (b).
Cross-sectional profile 3, where no changes occurred during the study period (c)
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imagery, whereas substantial waste accumulation was observed by the time the WV2 imagery
was acquired. Profile 2, also located in an active deposition area, shows a clear increase in eleva-
tion between the PleN and WV2 datasets, consistent with the volumetric estimates. Conversely,
profile 3, extracted from a non-varied area, exhibits a high degree of overlap among the three
datasets, confirming the absence of significant topographic changes and supporting the reliability
of the accuracy assessment.

A slight negative bias was consistently observed in the elevation difference distributions
within the control plots for both the PleN and WV2 DEMs (Fig. 10), which is also reflected in
the relative vertical offsets observed in the cross-sectional profiles.
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Fig. 10. Histogram showing the distribution of altitude differences in the control plots for Pléiades Neo (PleN)
tri-stereo (a) and WorldView-2 (WV2) (b), showing a slight bias towards the negative side for both satellites
compared to the unmanned aerial vehicle (UAV) model

4. Discussion

The monitoring of material movements in waste dumps has traditionally been addressed
through field surveys and aircraft photogrammetric flights, and more recently, using UAV flights.
While accuracy for field surveys is high, this approach is labour-intensive and time-consuming,
leading to gradual disuse in recent decades, especially given the emergence of more efficient
technologies. Aircraft photogrammetric flights, although effective, are costly and are typically
only justified for large-scale projects or hazardous areas where ground access is challenging.
UAVs, however, are a versatile and efficient tool for monitoring earth movements, with exten-
sive scientific literature supporting their suitability for this task [15,35-37]. However, UAVs
face certain limitations, such as reduced efficiency for large-scale areas, sensitivity to weather
conditions [38], and regulatory flight restrictions in specific regions.

Regarding the use of satellite imagery, the existing literature is more limited. Traditionally,
satellite imagery has been employed for automatic land-cover classification [39,40], thereby
enabling analyses of mine surface expansion or reduction, changes in mining areas, and catego-
rization of land cover over different time periods. The main obstacles to its application in volume
measurements are the low spatial resolution of images and the limited accuracy of georeferenced
data. Galchenko et al. [41], for instance, who used the conventional Sentinel-2 and Landsat 5-8
satellites to estimate mining waste volumes, reported constraint due to the relatively low spatial
resolution of the images.
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However, in the past decade, the scenario has changed significantly with the launch of
VHR satellites. The PleN system enables the acquisition of tri-stereoscopic images with a pan-
chromatic resolution of 30 cm, while WV2 offers resolutions of 50 cm. Other satellites, such
as IKONOS and QuickBird, have also contributed to this evolution, although the application of
VHR imagery remains limited due to the hardware requirements for processing this data [42].
Nonetheless, advances in photogrammetric techniques, e.g., SfM, have significantly simplified
image processing, enabling the generation of high-resolution DEMs using more accessible and
user-friendly software [43]. Additionally, the acquisition of satellite imagery has become more
feasible with the increasing availability of commercial platforms like Maxar and Planet provid-
ing access to VHR data. However, note that the high cost of these images may limit their use
in smaller-scale projects.

To optimize the process of obtaining high-resolution DEMs, this study has proposed
a combined approach that integrates various geomatics tools. Periodic use is made of satellite
imagery, which is precisely georeferenced using a very high-resolution UAV-derived DEM and
GCPs acquired by precision GNSS receivers. In our approach, high-resolution DEMs generated
with UAVs and obtained occasionally (e.g., every two to three years) serve as a reference for
georeferencing DEMs derived from satellite imagery. These satellite-derived DEMs can be ac-
quired more frequently without additional fieldwork, thereby enhancing efficiency in long-term
monitoring projects.

The proposed methodology was tested, validated, and evaluated at a pilot site, with very
satisfactory results. Compared to the reference UAV-derived DEM, the DEMs generated from
PleN and WV2 images exhibited an average height difference of 24.8 cm (RMSE) and 20.7 cm
(RMSE), respectively. Additionally, SD values were 22.6 cm and 17.9 cm for PleN and WV2,
respectively. Our results are consistent with those reported by other authors. Hu et al. [44], who
assessed elevation biases for WV3 in a mountainous region, reported an SD of 62 cm compared
to an airborne high-precision LiDAR point cloud, while Aguilar et al. [45], who evaluated verti-
cal accuracy for WV2 and WV3 satellites relative to LiDAR, obtained SD values of 26 cm and
20 cm, respectively.

While most previous studies have relied on LiDAR as ground-truth data [25,26,44-47],
a novelty of our study was the use of SfM drone data as a reference for evaluating the vertical
accuracy of VHR satellite imagery in volume measurements. Our study, in demonstrating the
potential of SfM photogrammetry for accurately georeferencing satellite DEMs, offers a cost-
effective and time-efficient alternative to LiDAR [48,49].

In analysing height differences across the entire surface, the greatest discrepancies were
detected in wooded areas, with values exceeding 5 m in some cases. Interestingly, errors were
observed principally in gaps between trees, while canopy tops appeared to be accurately repre-
sented in the satellite models. This discrepancy can be attributed to spatial resolution differences
between the UAV DEM and satellite DEMs. In densely vegetated areas, the higher resolution
of UAV imagery enabled gaps to be detected between trees, meaning that the drone point cloud
achieved surface values even in dense forest areas. However, when the UAV model was resampled
to match the resolution of the satellite models, the resulting pixel values included both terrain and
canopy heights. Consequently, since ground-level gaps were included, the average height of the
resampled pixels was lower than the actual canopy height. In contrast, satellite models captured
only the canopy tops. These altimetric differences were especially evident in shadowed surfaces,
where £20 m differences were observed. This effect was also observed by Gong and Fritsch [50],
who reported height errors exceeding 15 m in shadowed areas during digital reconstructions.
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Pléiades Neo exhibited a tendency to overestimate vegetation height, whereas discrepancies
for low, spare shrub vegetation were minimal. Altitude errors were also minimal in active mining
waste-dump areas with bare and flat terrain. However, as previously documented by Loghin et
al. [25,47] for the original Pléiades tri-stereo constellation, a banding effect was observed in the
PleN DEM, appearing to be a systematic error. In contrast, WV2 tended to underestimate veg-
etation height and showed discrepancies in shrub-covered areas. However, in bare waste-dump
terrain, the WV2 model performed well, albeit with a slightly granular appearance compared to
the PleN model.

In any case, the achieved vertical offsets (—11.7 cm and —18.6 cm for PleN and WV2, respec-
tively) are comparable with previous reports of volumetric stockpile measurements performed
with drones. Filkin et al. [15] reported RMSE values ranging from 16.1 cm to 4.3 cm depending
on drone type and GCP distribution; Ren et al. [51], who analysed the influence of GCP number
and placement, obtained RMSE values 0f 36.6 cm to 5.3 cm; and Mello et al. [52], who performed
multitemporal landfill volumetric measurements, reported a maximum vertical error of 37 cm.
These comparisons highlight the satisfactory accuracy of VHR satellite-derived models, despite
the inherent spatial resolution differences between drone and satellite imagery.

Very high-resolution satellites show great promise for mining waste-dump volume estima-
tion purposes. In our study, the vertical accuracies achieved for PleN and WV2 with the proposed
integration of various geomatics tools confirm the capability of these sensors to generate reliable
DEMs that can be translated into volumetric maps. Integrating this approach with a multitemporal
analysis means that mining waste material movements can be effectively monitored, reducing
fieldwork, effort, and cost.

5. Conclusions

Very high-resolution satellites such as PleN tri-stereo and WV2 are highly effective for
photogrammetric projects. In our study, very satisfactory results were obtained for both terrain
modelling and volumetric analysis compared to results for high-resolution DEMs generated
using UAV imagery. The UAV-based model, in combination with GNSS GCPs, allowed for ac-
curate georeferencing of the satellite-derived DEMs. A slight banding effect observed in the PleN
DEM was likely caused by the sensor’s internal construction rather than by errors in the model
generation process.

The PleN (30 cm) and WV2 (50 cm) images proved to be highly effective in detecting and
monitoring mining waste-dump variations. The main limitations of VHR DEMs were observed
for tall dense tree surfaces, where significant discrepancies emerged compared to the UAV
model. This can be attributed to pixel size differences between the drone and satellite sensors.
The gaps between trees were captured by the UAV due to higher spatial resolution of the UAV
images compared to the satellite images, leading to discrepancies in vegetated areas. However,
the height estimates of the tree canopy tops remained consistent and reliable.

The use of VHR satellite imagery presents numerous possibilities for monitoring and as-
sessing mining activities and natural resources. Future research could focus on multitemporal
analysis of mining waste expansion in recent years and the verification of compliance with
environmental regulations.
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