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Highlights
What are the main findings?

e A spatially coherent subsidence was mapped at the Doornpoort TSF using multi-
temporal SBAS-INSAR and GNSS analyses conducted between 2022 and 2024. This
analysis captured a representative range of deformation rates, with a peak of
—26.09 mm per year, which aligns with the locations of active underground extrac-
tion blocks.

e  The superimposed deformation signals were separated using Non-negative Matrix
Factorisation (NMF). This decoupling process revealed that deep mining stress redis-
tribution, transmitted through the underlying karstified dolomites, accounts for 92%
of the cumulative subsidence, whereas localised tailings consolidation contributes
only 8%.

What are the implications of the main findings?

e  The findings redefine tailings storage facilities as passive surface loads within broader
regional subsidence basins. This necessitates a fundamental shift in geotechnical risk
management, emphasizing the consideration of deep-seated stress gradients rather
than focusing solely on isolated surface failures.

e  The integrated SBAS-NMF framework offers a scalable and non-invasive method
for monitoring multiple hazards. It provides conservative estimates of subsidence
drivers in complex karstic mining environments globally, reducing reliance on limited
ground-based instrumentation.

Abstract

Mining-induced land subsidence poses significant geohazard risks to critical on-site mining
operational support infrastructure, such as tailings storage facilities (TSFs). This study
investigates the Doornpoort TSF subsidence at the South Deep gold mine in South Africa,
using multi-temporal Small Baseline Subset Interferometric Synthetic Aperture Radar
(SBAS-InSAR) and Non-negative Matrix Factorisation (NMF) algorithm approach to split
the superimposed subsidence contributing drivers, alongside the incorporation of Global
Navigation Satellite System (GNSS) data and underground mining layout plans. 78 Sentinel-
1A Satellite Aperture Radar (SAR) ascending acquisitions between May 2022 and December
2024 were obtained and processed to determine the average annual deformation rates and

Remote Sens. 2026, 18, 2337

https://doi.org/10.3390/rs18142337


https://crossmark.crossref.org/dialog?doi=10.3390/rs18142337&domain=pdf&date_stamp=2026-07-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-5730-9602
https://orcid.org/0000-0002-7985-0969
https://orcid.org/0009-0000-7060-9426
https://doi.org/10.3390/rs18142337

Remote Sens. 2026, 18, 2337

2 of 24

cumulative time-series displacement for the study area. The InSAR-derived subsidence
rates at the designated three benchmarks on the embankments of the Doornpoort TSF
and TSF 1&2 are —26.09 mm/year, —13.40 mm/year and —16.25 mm/year, while the
maximum cumulative subsidence was —57.45 mm, —42.76 mm and —36.44 mm. A com-
parison of the InSAR results with the GNSS-derived subsidence results showed correlation
standard deviations of 1.87 mm, 0.93 mm, and 1.05 mm, respectively. The InSAR results re-
vealed spatially coherent subsidence patterns and a good correlation between deformation
boundaries and underground mining layouts, suggesting that mining-induced stress redis-
tribution is the primary driver of regional surface subsidence. The NMF decomposition
of the InNSAR-derived deformation result at a selected benchmark on the Doornpoort TSF
embankment, whose average annual deformation with a cumulative time series deforma-
tion of —26.09 mm/year and —57.45 mm, respectively, revealed that 92% of the observed
cumulative deformation is associated directly with the underground mining, whilst the
remaining 8% is associated with TSF embankment consolidation. Furthermore, the selected
decomposition benchmark within the TSF basin showed that underground mining alone
accounted for 100% of the observed subsidence there. These findings support a coupled
deformation framework in which deep mining activities influence regional subsidence,
while localised geological conditions modulate its surface manifestation.

Keywords: SBAS-InSAR; subsidence; GNSS; non-negative matrix factorisation; tailings
storage facility; gold mining

1. Introduction

Land subsidence associated with mining is a major geohazard in areas with deep
underground mines and tailings storage facilities (TSFs). Gold mining in South Africa’s
Witwatersrand Basin has been a major factor in the country’s economic growth for over
a century [1]. Nonetheless, deep-level mining and associated dewatering have had an
impact on subsurface stress patterns and hydrogeological conditions, resulting in ground
deformation, infrastructure damage, and environmental risks [2,3]. Recent studies further
emphasize the extensive spatial subsidence patterns driven by deep mineral extraction
across varying geological conditions [4]. The historical failures of TSFs in South Africa em-
phasised the importance of continuous deformation monitoring in challenging geological
environments such as mining areas [5-9].

Communities and infrastructure in Gauteng Province are now more vulnerable to
subsidence-related risks due to the province’s rapid urbanisation [10-12]. The South Deep
gold mine stands as one of the deepest underground mining operations in the world [13].
This facility is primarily an underground gold mine equipped with essential infrastructure,
including tailings storage facilities, processing plants, underground railcar conveyances,
and surface entrances to underground shafts, among others. Deep mineral extraction and
groundwater modification in dolomitic formations have been linked to subsidence and
seismic instability in the region [14-17].

Typical ground-surveying techniques, such as levelling campaigns, encounter limita-
tions in both spatial and temporal coverage. Conversely, Interferometric Synthetic Aperture
Radar (InSAR) provides a remote sensing method capable of identifying millimetric surface
subsidence over large areas [18]. Multi-temporal approaches, including the Small Baseline
Subset (SBAS) method, have proven effective at tracking non-linear deformation associated
with mining activities [19]. In areas characterised by scarce vegetation, SBAS-InSAR pro-
vides reliable visualisation signals capable of detecting gradual to extensive subsidence
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and is highly effective for tracing long-term deformation evolution and failure mechanisms
over mining sites [20,21].

Research into integrating SBAS-InSAR observations with underground mining lay-
out data to assess deformation affecting the infrastructure of the on-site tailings storage
facility has been limited, despite the operational importance of the South Deep gold mine.
This study bridges this research gap by analysing seventy-eight Sentinel-1A acquisitions
collected between May 2022 and December 2024, which are supplemented by GNSS ob-
servations and detailed underground mining geometry. The objective of this study is to
(1) quantify the patterns of spatial and temporal deformation, (2) analyse the correlation
between surface subsidence and active extraction blocks, and (3) decompose the subsi-
dence results to quantify the contributions of the individual subsidence drivers to the
observed deformation.

2. Materials and Methods

Figure 1 shows the South Deep gold mine’s location and boundaries on a coloured
relief digital elevation model that is geocoded in WGS84.
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Figure 1. Locations of the South Deep gold mine, as well as GNSS and InNSAR measurement points.

South Deep Gold Mine

The South Deep gold mine is located near the town of Westonaria in the northeastern
part of Gauteng Province, South Africa. Geographically, it can be located at latitude
26°25'00"S and longitude 27°39’45"E. The mine has a total surface area spanning about
4268 hectares [22]. It is regarded as one of the world’s biggest gold mining operations.
South Deep is a key mining operation in South Africa’s mining industry and is situated in
the Witwatersrand Basin, which is home to the largest gold deposits in the world, mostly
in quartz-pebble conglomerate horizons [23-25]. This basin has a long record of mineral
exploitation and has made substantial contributions to the world’s gold production. The
gold ore mined at the South Deep mine is found in the Upper Elsburg conglomerate
reef, and as such, this reef is located at a depth exceeding 2700 metres below the earth’s
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surface (Figure 2) [26]. Due to the nature and depth at which this reef is located, fully
automated or mechanised long hole stoping and drift-and-fill mining techniques have been
adopted to exploit the gold mineral, making the extraction process efficient and safe for
personnel working underground. Currently, the mine is one of the deepest in the world,
with mining taking place at a depth ranging between 2700 metres and 3400 metres below
the earth’s surface. Recent high-resolution 3D deep seismic reflection surveys have further
highlighted the complex geological structures and fault networks intersecting these deep
mining levels [27]. This mine is a key project of the Gold Fields Group in South Africa and
has an estimated mine life of 75 years [28]. Additionally, in 2018, the mine estimated its
reserves at 32.8 million ounces of gold and currently produces 320,000 ounces each year,
accounting for about 13% of the company’s total production [28].
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Figure 2. (a) The Geological Settings of the Witwatersrand Basin [1]; (b) the three-dimensional
isometric representation of the stratigraphy of South Deep Mine [2].

3. Datasets and Methodology
3.1. SAR Datasets

In this study, we used the Copernicus Sentinel-1A satellite as our primary dataset
source, as this platform is specifically designed to provide data for analysing and assessing
surface subsidence, in addition to other Earth observation duties. This satellite can remotely
collect Earth data through its C-band Synthetic Aperture Radar (SAR) instrument. Sentinel-
1A can produce high-resolution radar imagery, which is needed for thorough monitoring
of ice dynamics, ground movement, and other delicate geophysical processes. The satellite
orbits Earth at an altitude of 693 km and completes a revisit cycle approximately every
12 days. It has been engineered and programmed in this manner to ensure that it can
thoroughly track deformation changes across larger areas and over an extended time period
and to collect continuous data. The satellite can transition between several specialised
modes of operation to better meet the requirements of different observational tasks.

We used the ascending track Sentinel-1 SAR images in the interferometric width (IW)
swath mode and VV polarization for our research. For this study, we analysed a dataset of
seventy-eight Sentinel-1A Single Look Complex (SLC) SAR images acquired between May
2022 and December 2024. Sentinel-1 relies on the Terrain Observation and Progressive Scan
(TOPS) technique to efficiently capture wide-area remote sensing data. This Interferometric
Wide (IW) swath mode generates overlapping bursts to cover a large area of 250 km
with a high spatial resolution of 5 m (range) by 20 m (azimuth) [29]. To manage the raw
SAR generation across such wide geographic areas, the system uses advanced processing
algorithms, including azimuth linear frequency modulation and chirp-z transformation [30].
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All imagery used in our research was downloaded via the Alaska Satellite Facility’s Data
Search Vertex [31]. The details of the SAR data are listed in Tables 1 and 2. We also
downloaded and used the Copernicus GLO-30 DEM digital elevation model (DEM) from
the Copernicus website [32]. During preprocessing, this 30 m spatial-resolution DEM was
used to ensure accurate assignment of geographical coordinates to acquired SAR images
and to eliminate topographic errors from the phase components. These steps improve
the accuracy of the interferograms generated during data processing. To ensure that the
generated interferograms effectively reduced decorrelation while maintaining a high signal-
to-noise ratio, we set strict selection criteria. The maximum perpendicular baseline was
set at 300 m, and the temporal baseline at 45 days (Figure 3). Precise digital elevation
models and the evaluation of phase observation’s response to height changes depend on
the perpendicular baseline [33-35]. The incidence angle for the ascending-track SAR data
captured by the Sentinel-1 satellite is set to 33.46 degrees. Incorporating orbital information
is one of the most important preprocessing steps for INSAR data. Regarding this, we used
Precise Orbit Ephemerides (POE) to enhance the accuracy of our INSAR data processing
results. Precise orbital data significantly improves the accuracy of baseline estimation,
which is essential for generating reliable digital elevation models and measuring accurate
ground deformation changes. Accurate baseline determination helps in reducing phase
errors and improving the co-registration accuracy of INSAR images. Residual fringes
in interferograms contain orbital errors, which can be effectively removed using precise
satellite orbital data.

Table 1. Coverage period of Sentinel-1A ascending SAR images.

No. Date No. Date No. Date
1. 19 December 2024  27. 11 February 2024 53. 24 March 2023
2. 7 December 2024 28. 30 January 2024 54. 12 March 2023
3. 25 November 2024  29. 18 January 2024 55. 28 February 2023
4. 13 November 2024  30. 6 January 2024 56. 16 February 2023
5. 1 November 2024 31. 25 December 2023 57. 4 February 2023
6. 20 October 2024 32. 13 December 2023 58. 23 January 2023
7. 8 October 2024 33. 1 December 2023 59. 11 January 2023
8. 26 September 2024  34. 19 November 2023  60. 30 December 2022
9. 14 September 2024  35. 7 November 2023 61. 18 December 2022
10. 2 September 2024 36. 14 October 2023 62. 6 December 2022
11. 21 August 2024 37. 2 October 2023 63. 24 November 2022
12. 9 August 2024 38. 20 September 2023  64. 12 November 2022
13. 28 July 2024 39. 8 September 2023 65. 31 October 2022
14. 16 July 2024 40. 27 August 2023 66. 19 October 2022
15. 4 July 2024 41. 15 August 2023 67. 7 October 2022
16. 22 June 2024 42. 3 August 2023 68. 25 September 2022
17. 10 June 2024 43. 22 July 2023 69. 13 September 2022
18. 29 May 2024 44. 10 July 2023 70. 1 September 2022
19. 17 May 2024 45. 28 June 2023 71. 20 August 2022
20. 5 May 2024 46. 16 June 2023 72. 8 August 2022
21. 23 April 2024 47. 4 June 2023 73. 27 July 2022
22. 11 April 2024 48. 23 May 2023 74. 15 July 2022
23. 30 March 2024 49. 11 May 2023 75. 3 July 2022
24. 18 March 2024 50. 29 April 2023 76. 21 June 2022
25. 6 March 2024 51. 17 April 2023 77. 28 May 2022
26. 23 February 2024 52. 5 April 2023 78. 16 May 2022
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Table 2. Sentinel-1A experimental data parameters.
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Figure 3. Temporal and spatial baseline distribution of the Ascending Sentinel-1A SAR datasets.

3.2. GNSS Datasets

At the South Deep gold mine, GNSS data is collected using Trimble Zephyr 2 Geodetic
choke ring antennas together with NavStar GMS 700 dual-frequency (L1/L2) geodetic-
grade receivers. Continuous and static campaign GNSS measurements were used to
validate the INSAR-derived deformation. Accurate GNSS data processing, including as-
sessment of positioning accuracy and mitigation of environmental errors, is essential for
establishing reliable ground truth in remote sensing validation [36-38]. In this study,
the GNSS data was processed and analysed with the Bernese GNSS Software (Version
5.4), developed by the Astronomical Institute of the University of Bern (AIUB), and the
Precise Point Positioning (PPP) technique was applied. The GPS carrier-phase and pseudo-
range measurements were processed using the ionosphere-free linear combination of
dual-frequency observations to eliminate first-order ionospheric delays. During both pre-
processing and processing, orbital and satellite clock errors were addressed by applying the
Final Precise Orbit Ephemerides (POE) and precise clock products from the International
GNSS Service (IGS) [39]. Tropospheric delays were corrected with the Saastamoinen model,
and the antenna phase centre variations were also corrected using IGS absolute calibration
models. The vertical accuracy of the processed GNSS solutions is estimated at 3 mm
to £5 mm. Throughout this manuscript, GNSS stations at the South Deep mine site are
consistently referred to as ‘SD-GNSS’ (South Deep GNSS) to distinguish them from regional
reference networks. It is installed as a permanent base station on the embankment wall of
the Doornpoort TSE. There, it regularly and continuously receives coordinate data from
as many satellites as possible along the easting (x), northing (y), and elevation (z) axes.
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The data is downloaded into the device’s memory in 30 s intervals, daily. The permanent
station is codenamed SD-GNSS-1 in our research. In addition to the main continuous
GNSS monitoring station, there are three additional campaign GNSS stations. The first
campaign GNSS station, codenamed SD-GNSS-2, is positioned at the east section of the
same Doornpoort TSE. The second campaign GNSS station, SD-GNSS-3, is mounted near
the central Twin Shaft. The last campaign GNSS station, SD-GNSS-4, is installed on the TSF
1&2 embankment. All stations are located on the South Deep concession. The GNSS cam-
paign data are also collected once every three months, during which the GNSS machines
are mounted to collect accurate positional data through static surveys. Afterward, they are
removed, and the recorded data is downloaded for further use. The locations of the South
Deep gold mine, as well as GNSS measurement points are shown in Figure 1.

3.3. Methodology

In this study, we combined two monitoring techniques, namely, the SBAS-InSAR
and GNSS techniques, to track ground subsidence caused by gold mining at the South
Deep in South Africa. A stack of Sentinel-1 SAR images collected between May 2022
and December 2024 was used, and the SBAS method was applied to generate a reliable
time series of ground movement. To ensure accurate signal coherence and to minimize
noise from atmospheric or surface effects, the image pairs were carefully selected. The
radar coordinate system’s line-of-sight deformation results were transformed to ensure
uniformity with the GNSS data coordinate system. This study used only ascending-track
Sentinel-1 SAR images, as descending-track data with adequate temporal coverage are not
available for this region during the monitoring period. Although integrating both ascending
and descending orbits enables the resolution of two- or three-dimensional deformation
vectors, the primary vertical deformation mechanism at the South Deep Gold Mine is the
consequence of deep tabular ore body extraction. The following equation is used to project
the Line-of-Sight (LOS) displacement (d;pgs) that the SAR sensor measures onto the vertical
component (dy):

(dros) = dv cos(6) — dp sin(6) cos(a — ¢) 1)

The symbols 0, dy, « and ¢ denote the radar incidence angle, horizontal displacement,
satellite heading angle, and azimuth of the horizontal displacement, respectively. In
this context, the horizontal displacement is considered negligible relative to the vertical
component (dy ~ 0), based on the conservative assumption that deep-level gold mining
produces subsidence bowls with minimal horizontal gradients at the surface and that
spatial averaging is used to reduce noise in specific areas. dy =~ djpg/ cos(f) is the
resultant value for the vertical displacement. This assumption is often adopted when
using single-orbit SAR data to monitor vertical subsidence in deep hard-rock mining
environments. Time series positional deformation changes were generated by processing
both GNSS data and SBAS cumulative time series data, and the two datasets were
then correlated to assess their agreement. This approach was used to validate the
SBAS results. This process enhances the interpretation of results for explaining the
subsidence phenomenon. The merging of these datasets enabled an accurate and reliable
visualisation of ground movement locations and mechanisms, providing information for
subsidence risk management in active mining regions. The technical workflow for this
integrated methodology is presented in Figure 4.
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Figure 4. The research methodology flowchart.

3.4. SBAS-InSAR Process

We used the SBAS-InSAR (Small Baseline Subset-Interferometric Synthetic Aperture
Radar) technique to process and analyse the SAR data in this study. Each SAR acquisition
frame comprises three interferometric widths (IWs) forming a single unit. These interfero-
metric widths are IW1, IW2, and IW3. We downloaded and processed SAR data from the
ascending orbit track, which included all three IWs and was the only available track for
this research. We used the GAMMA 2022 Remote Sensing software suite to process the
SAR data. Beginning with the entire workflow, the raw SAR acquisitions were first con-
verted to the Single Look Complex (SLC) format. Amongst the acquisitions, the SAR data
acquired on 20 September 2023 was selected as the master image, to which all subsequent
scenes were co-registered. The Copernicus GLO-30 Digital Elevation Model (DEM) was
used concurrently to match the corresponding SAR datasets and ensure accurate phase
derivation during data processing. Following data registration, an SBAS interferometric
network was established. In order to enhance image coherence, improve the number of
interferometric pairs and reduce scattering noise, a multi-look ratio of 8 range pixels to
2 azimuth pixels, a vertical baseline of 300 m, and a maximum time baseline of 45 days
were used. While doing all this, the Copernicus GLO-30 DEM and the European Centre
for Medium-Range Weather Forecasts (ECMWF) ERAS5 global atmospheric model were
both used to remove the effects of topographical phase errors and distortion, and of atmo-
spheric phase delays, respectively. The atmospheric element that affects tropospheric delay
modelling is surface pressure. Hence, through the application of the ERA5 component, this
element is effectively removed due to the high temporal and spatial resolution nature of
this model. Because of the ERA5 global atmospheric model’s enhanced precision and its
compatibility with common statistical correction methods, such as power-law and linear
regression models, it makes it an efficient means for eliminating phase errors in InNSAR data.
As a result, deformation measurement and velocity estimation are improved [40—45]. The
Goldstein adaptive filtering method was subsequently engaged to facilitate and improve
phase unwrapping by means of reducing spatial phase noise. This filtering technology was
developed by Goldstein and Werner in 1998 [46]. We used local coherence to determine
the adaptive window size, which ranged from 5 x 5 to 15 x 15 pixels. Only pixels with an
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average coherence of 0.65 or higher across all the time series were maintained during the
deformation inversion process. Once the interferograms were created, the Minimum-Cost
Flow (MCEF) algorithm was used to repeat the unwrapping and filtering steps from the
previous phase. In previous research, the MCF algorithm was widely employed to reduce
phase anomalies that happen during unwrapping [47]. In order to proceed, the procedure
of ‘differential interferometric processing — filtering — differential interferogram unwrap-
ping’ had to be repeated using the determined exact baseline. During the second round of
the reiteration process, the selected unwrapped differential interferograms were carefully
separated from the other interferograms that were influenced by orbital and atmospheric
delay errors in order to obtain a consistent set of unwrapped differential interferograms.
Finally, the deformation results were computed using the yearly deformation rate together
with the deformation time series derived from the unwrapped interferograms. We used the
Singular Value Decomposition (SVD), a useful linear-algebraic algorithm that breaks down
phase data into several similar components, to estimate the deformation rates for coherent
points across the study area. This decomposition algorithm facilitates the reconstruction of
the deformation time series and the highly accurate estimation of the rates of deformation
and accumulated displacements over the study time range.

The mathematical expression of the SBAS principle is as follows:

The SBAS-InSAR methodology begins with the collection of N 4+ 1 SAR images that
entirely extend across a specified geographic area. t = [fy, ..., tN] Tis the temporal sequence
in which the images are arranged, with each ¢; denoting the period of acquisition time of
the respective SAR image. The preliminary and necessary step involved selecting one of the
images that would function as the reference image. This image is then co-registered with
the other SAR images to ensure correct spatial alignment. The reference image is carefully
selected to allow for the creation of at least one interferogram when paired with another
SAR image in the dataset. The quantity of potential interferograms that are generated is
represented as M, and is limited by the numerical possibilities for pairing the N 4 1 images,
conforming to the inequality % <M<IN (%) This range represents the minimum
and maximum numbers of interferometric pairs that can be generated, accounting for
real-world constraints such as temporal and spatial baselines, while providing sufficient
data for reliable analysis.

Here is the mathematical expression for the interferometric phase for a pixel at azimuth
coordinate x and range coordinate r in the j differential interferogram, which is constructed
from SAR images acquired at times f4 and tg where tp > f4:

()

This equation shows the difference in time phases between the two SAR images,
where ¢p(x,7r) and ¢4(x,r) are the phases of the SAR images at timeframes tp and t4,
respectively. The phase change caused by surface subsidence along the radar’s line of
sight is given by the equation 47[d(tp, x,7) — d(ta, x,r)]. Here, A is the radar wavelength
and d(tp,x,r) and d(t4, x, r) are the deformation at times fp and t 4, respectively, relative
to a reference deformation d(tg, x,7) = 0. A(p]topo(x, r) as stated in Equation (2) describes
the residual topographic phase, which arises from minor errors within the DEM used for
processing. Agl. (x,7) captures the atmospheric phase delay that is induced by variations
in water vapour and temperature as the radar signal passes through the troposphere.
A¢! .. (x,r) indicates orbital phase differences arising from tiny errors in the satellite’s
orbital parameters, and Ag’ .. (x,7) includes random noise effects, which are inherent
defects of the SAR system or arise from unforeseen environmental influences.
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After these phase errors have been corrected, the deformation signal can be extracted
using advanced processing techniques. Among these steps are the use of an accurate digital
elevation model to eliminate topographic phase, the application of atmospheric correction
models, and an enhancement of the baseline. Upon correction, the phase mainly reveals
the surface subsidence results. Although SBAS-InSAR processing determines total surface
displacement, this total measurement is actually a superimposition of signals from multiple
subsidence drivers. To separate these combined effects, an advanced signal decomposition
technique is subsequently used to split the signals.

3.5. Signal Decomposition Using NMF

Multi-temporal InNSAR often detects superimposed deformation signals arising from
multiple, simultaneously active physical processes. At the Doornpoort TSE, the observed
surface subsidence is hypothesised to result from a combination of regional deformation
induced by deep-level underground mining extraction and localised consolidation of the
tailings and embankment structures. To quantitatively distinguish these contributing fac-
tors, Non-negative Matrix Factorisation (NMF), a blind source separation technique that
is highly effective for unmixing complex InNSAR time-series data, was applied. NMF is
an advanced signal decomposition technique that factorizes a non-negative data matrix
into the product of two lower-dimensional non-negative matrices, thereby enabling the
extraction of latent physical feature patterns [48]. Since the multi-temporal INSAR defor-
mation signals in this study mostly reflect continuous subsidence, the recorded values
are mostly negative. Sign inversion and an overall constant positive shift were used to
convert the original deformation time-series data into the positive domain, in order to meet
the strict non-negativity constraint of the NMF algorithm. This transformation enhances
the decomposition’s accuracy by carefully preserving the original kinematic trends and
physical characteristics.

The initial matrix, denoted as X, represents the cumulative deformation time-series.
The procedure for constructing the non-negative input matrix V is described below:

V=-X+C 3

In this context, ¢ represents the constant positive baseline shift. The NMF algorithm
then decomposes V into two-part matrices:

V~WH 4)

When considering this situation, the spatial weight patterns are given as matrix W,
which represents the geographic distribution of deformation drivers, and their correspond-
ing temporal evolution patterns are denoted by matrix H. The decomposition process finds
the best separation by repeatedly minimising the Frobenius threshold between the input
matrix and the reconstructed product:

. 2
winin IV = WH|g (5)
The physical assumption that two dominant and distinct mechanisms influence the
overall deformation led to assigning the rank parameter (k) to 2 in this analysis. Finding the
right number of components (k) is an important part of non-negative matrix factorisation.
To reduce subjectivity, a sensitivity analysis was carried out by measuring the physical
interpretability of the components for k values between 1 and 5, as well as the reconstruction
error (Frobenius norm). The selected rank was k = 2, even though increasing k marginally
decreased the reconstruction error. The selection was guided by the physical context of
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the study area. Consequently, two non-negative spatial patterns were isolated at k = 2,
corresponding to the primary sources of anthropogenic deformation, that is, the Tailings
Storage Facility and the deep-level mining stopes. As k became larger, these physical
sources were broken down into smaller, mathematically separate, and physically irrelevant
components. The mathematical transformations, NMF computations, and subsequent
matrix reconstructions were all executed using Python 3.9. Each component’s isolated
deformation field was calculated using the outer product of its respective column in W and
row in H. As a result of this method, the algorithm is able to decouple the coupled signals
into two parts: the tailings storage facility’s localised geotechnical behaviour (NC1) and
deep mining’s expansive regional subsurface influence (NC2).

An inverse transformation was applied to the separated spatial and temporal matrices
after the decomposition had converged:

Xrecon = _(WH - C) (6)

The final restoration step reverts the decoupled signals to their original negative cumu-
lative subsidence scale. This process enables accurate and direct quantitative interpretation
of the true displacement associated with each specific physical driver.

4. Results
4.1. Deformation Distribution and Time Series Analysis

Figure 5 shows the results for the study area after SBAS data processing. Ground sub-
sidence was detected in the southern section of the South Deep gold mine, which includes
the Doornpoort tailings storage facility, as well as in the central part of the mining site,
which includes the central shaft, TSF 1&2, and TSF 3&4. The annual average deformation
rate recorded for the entire site was —26 mm/year. To visualise the areas that have shown
signs of subsidence, the deformation result was overlaid on the Copernicus GLO-30 Digital
Elevation Model shaded-relief map and on the underground mining layout plan, georef-
erenced to the World Geodetic System 1984 (WGS 84) and falling within the extraction
rights boundary. There are four distinct areas within the mining site: the Current Mine
(CM), North of Wrench (NoW), South of Wrench-East (SoW-E), and South of Wrench-West
(SoW-W). Presently, active underground gold ore extraction is taking place at the Current
Mine, North of Wrench and South of Wrench-East. Production at South of Wrench-West is
expected to begin at a later date. Both TSF 1&2 and TSF 3&4 are located in the Current Mine
section, whilst the Doornpoort TSF is in the South of Wrench East section. The results indi-
cate that the areas being mined, as depicted in the underground mining plans in Figure 5,
are experiencing subsidence spatially coincident with deep regional mining as the primary
factor. Red indicates regions of subsidence, while green denotes areas that are currently
stable. Figure 6 show the time series results for the InNSAR points in proximity to the GNSS
monitoring stations at the South Deep mine. These INSAR points are named similarly to
the GNSS codename, with the addition of ‘InSAR’ to their codenames. The codenames are
SD-InSAR-1, SD-InSAR-2 and SD-InSAR-4. The recorded average annual deformation at
SD-InSAR-1 was —26.09 mm/year, with a cumulative deformation of —57.45 mm across
the monitoring period. SD-INSAR-2 recorded an average deformation of —13.40 mm/year
and a cumulative deformation of —42.76 mm. At SD-InSAR-4, the recorded average de-
formation rate stood at —16.25 mm/year, with a cumulative deformation of —36.44 mm.
Three InSAR control points were randomly selected to quantify deformation magnitudes
within the Doornpoort TSF and TSF 1&2 basins. These INSAR points, designated as TSF INS
1, TSF INS 2 and TSF INS 4, recorded average annual subsidence rates of —11.89 mm/year,
—9.32 mm/year and —13.40 mm/year, respectively. Time series analysis at these sites
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revealed cumulative deformations of —47.85 mm, —40.59 mm and —17.39 mm, respec-
tively, across the monitoring period. The cumulative deformation time series for the TSF
embankment InNSAR benchmarks and the TSF basin InSAR points are shown in Figure 6.
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Figure 5. Annual average SBAS-InSAR results at the South Deep gold mine, South Africa.
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Figure 6. (a) Time series cumulative deformation of the INSAR monitoring points on the TSF
embankments from May 2022 to December 2024; (b) Cumulative deformation of the INSAR monitoring
points within the TSF basins from May 2022 to December 2024.

Figure 7 shows the spatial and temporal evolution of the observed subsidence across
the South Deep gold mine from May 2022 to December 2024. The findings show a pattern
of area expansion, intensification, and consolidation of deforming zones when closely
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observed, and thus, emphasising the interpretation of long-term, coupled deformation
processes beneath the mining area. At the beginning of the observation began in May 2022,
the detected surface subsidence was relatively small and confined to the Doornpoort TSF
area and to a few isolated spots near the central shaft and the TSF 1&2 area. The initial
deformation patterns show no signs of spatial continuity, with different contrasts between
the deformed and relatively stable ground. The deformation area experiences a substantial
transition from the middle of 2022 to the middle of 2023. Subsidence begins to spread across
from previously isolated areas, and deformation zones expand in both area and spatial
coherence. Subsidence at the Doornpoort TSF spreads from the top of the embankment
into neighbouring parts of the TSF basin, whereas deformation is more continuous close
to the central shaft and TSF 1&2. In this stage, the separate areas undergoing subsidence
gradually merge into larger subsidence areas. The deformation becomes intense by the
end of 2023 and continues through December 2024. There is a noticeable increase in
the magnitude and extent of subsidence, resulting in the most significant deformation
area recorded throughout the monitoring period, especially along the Doornpoort TSF
embankment and across the TSF basin. Simultaneously, the deformation being experienced
at TSF 1&2 and TSF 3&4 expands and overlaps with the subsidence near the central
shaft. By the end of the monitoring period in December 2024, the ground displacement
response is cumulative, having gradually occurred over time and no longer limited to
isolated zones; it now appears as wide subsidence basins. The observed subsidence spatial
evolution, which is also confined to the boundaries of the projected underground mining
layout, aligns with the combined effects of deep-level underground mining geometry and
progressive surface loading from tailings deposition. Even though the operational tunnels
are located deeper below ground, the enormous stress from high-profile destress and long-
hole stoping extraction activities is transmitted to the surface in both vertical and horizontal
directions. This causes structures like the TSF, which are much more sensitive, to react by
settling. A thorough visualisation of the deformation result overlaid on the underground
extraction layout plan shows that the TSFs are located within mining blocks and regional
pillar boundaries where differential vertical displacement and strain gradients have the
tendency to be transmitted from deep below to the surface. Thus, the deformation patterns
that have been observed can be explained by the unique structural context provided by
the spatial correspondence between the mapped underground mining domains and the
expanding subsidence zones shown in Figure 7. The deformation is gradual and does
not happen in isolated collapse areas. On the contrary, it evolves slowly, with gradual
expansion of persistent subsidence signals. This pattern of behaviour indicates that the
rock layer is responding on a regional scale due to ongoing underground extraction rather
than temporary surface instability. At the same time, an additional factor contributing
to subsidence, especially in the TSF basins and along embankment slopes, is incremental
loading from ongoing tailings deposition. The magnitude and pattern of deformation
shown in Figure 6 can be reasonably explained by the combined effects of subsidence deep
within the earth caused by stress redistribution underground and compression close to
the surface caused by tailings loading. The direction, consistency, and expansion of the
subsiding areas can be better understood with the help of the underground extraction
layout plan. Given that there is no localised uplift, this supports the suggestion that the
observed surface deformation is most likely caused by anthropogenic forcing mechanisms,
notably underground stoping activities that alter the earth’s strata, rather than by temporary
atmospheric or environmental artefacts.
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Figure 7. Deformation time series spatial evolution at South Deep gold mine.

4.2. Correlation Between GNSS and InSAR Results

Previous studies, including recent advancements in three-dimensional deformation
monitoring, have demonstrated correlation and agreement between GNSS and SBAS-InSAR
measurements [49-51]. Figure 8 presents the correlation analysis of GNSS and InSAR time
series data. As previously noted, INSAR measurement points are located within a 50 m
radius of the GNSS stations. Three GNSS monitoring station datasets, designated as SD-
GNSS5-1, SD-GNSS-2 and SD-GNSS-4, were collected from May 2022 to December 2024 at the
mining site. The SD-GNSS-1 benchmark is a continuous GNSS monitoring station installed
on the southern embankment of the Doornpoort tailings storage facility. The average
vertical deformation velocities at each monitoring point are as follows: SD-GNSS-1 recorded
a GNSS average deformation velocity of —26.02 mm/year and a corresponding InNSAR
average deformation velocity of —26.09 mm/year, with a standard deviation of 1.87 mm.
At SD-GNSS-2, located on the eastern embankment section of the Doornpoort TSE, the
vertical average GNSS deformation velocity was —13.34 mm/year, and the corresponding
InSAR vertical velocity was —13.40 mm/year, with a standard deviation of 0.93 mm. SD-
GNSS-4, installed on the TSF 1&2 embankment, recorded an average vertical velocity
of —16.19 mm/year and a corresponding InSAR velocity of —16.25 mm/year, with a
standard deviation of 1.05 mm. Additionally, cumulative GNSS and InSAR deformations of
—55.07 mm and —57.45 mm, —41.93 mm and —42.76 mm, and —33.68 mm and —36.44 mm
were recorded for SD-GNSS-1 and SD-InSAR-1, SD-GNSS-2 and SD-InNSAR-2, and SD-GNSS-
4 and SD-InSAR-4, respectively, over the two-year monitoring period. The results indicate
close agreement between INSAR and GNSS measurements. Results from subsidence studies
in low-coherence areas are more reliable when using this integrated monitoring approach.
This is because these areas tend to be dry and sparsely vegetated.
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Figure 8. Cumulative INSAR and GNSS deformation results.

4.3. Spatial Correspondence Between Observed Subsidence and Underground Mining Activity

A thorough visual analysis of the spatial distribution of the South Deep gold mine
deformation results indicates that the subsidence phenomenon is confined within the ore ex-
traction areas shown on the underground layout plan. The observed spatial correspondence
demonstrates that multi-temporal InSAR techniques can delineate irregular boundaries of
mining-induced subsidence [52]. Following the SBAS processing, subsidence is detected
within the Current Mine, North of Wrench, and South of Wrench-East blocks, as shown
by the mine’s operational underground mining layout plan as presented in Figure 5. Ore
is mined from both the Current Mine and the North of Wrench sections using long-hole
stoping (LHS) and high-profile destress mining techniques. Cumulative deformation of
—57.45 mm was recorded at the Doornpoort TSF south embankment, which is located
in the South of Wrench-East section of the ore mining zone. Again, in this section, the
mechanized destress-LHS sequence extraction technique is used to extract the gold ore, and
this region alone contains an estimated mineral reserve of 50 Mt [53]. Also, a deformation of
—36.44 mm is being recorded on the embankment of TSF1&2, located in the Current Mine
block, as shown in the layout plan. Although areas within the mining zones, as shown in
the underground mining layout plan, show varying levels of subsidence, other areas, such
as buffer zones between blocks, undeveloped corridors, and peripheral areas, show relative
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stability. This relative stability in these areas indicates that subsidence is primarily confined
to the areas where underground destress activities and long-hole stoping extraction opera-
tions are taking place, despite their proximity to the deforming zones. As per the mine’s
development schedule, overburden destressing activities and ore extraction in the South of
Wrench-West are scheduled to take place in the future. As such, since there is no available
or evident subsidence shown in this area, it serves as a negative control indicator showing
that the subsidence detected in the other areas is not caused by regional tectonics, seasonal
hydrology, or atmospheric artefacts, but rather results from localised stress redistribution
associated with active stope void creation. The detected subsiding areas fall within the
geometry of the mining layout plan, and these regions remain consistent across multiple
interferometric time periods, indicating a long-term deformation response rather than
isolated or episodic events. Although the depth of excavation, the sequence of extraction,
and the stope dimensions cannot be revealed through interferometric analysis, it has been
demonstrated that deformation is confined to designated areas of the underground mining
layout plan. This provides an observational framework for linking the observed subsidence
to deep-level mining operations within the study area.

4.4. NMF Decomposition and Subsidence Cause Analysis

The SBAS-InSAR time series for the selected decomposition sites were successfully
separated into two influential components using the Non-negative Matrix Factorization al-
gorithm, which effectively handled the complex and overlapping subsidence signals. NMF
imposes a strict non-negativity requirement, unlike traditional blind source separation
techniques such as Principal Component Analysis (PCA) or Independent Component Anal-
ysis (ICA), which allow negative values and may introduce non-physical artefacts, such
as artificial uplift. Because of this feature, NMF is well suited to subsidence monitoring,
since the spatial weight matrix W and the temporal signature matrix H produced represent
physically significant, strictly unidirectional downward displacement. By breaking down
the combined signal, we can see how each mechanism’s physical footprint was identified
by the spatial weight matrix (Figure 9) and how its respective evolutionary trend was
revealed by the temporal signature matrix (Figure 10). The spatial and temporal decompo-
sition using non-negative matrix factorization via k = 2 reveals two distinct deformation
modalities. Although NMF offers an avenue for the mathematical separation of signals,
attributing these components to specific physical mechanisms depends on spatial corre-
lation and temporal evolution rather than direct causation. Component 1 demonstrates
a spatial signature that corresponds with the geographical extent of the TSF. Its temporal
evolution is characterised by a monotonically increasing, asymptotic settlement curve,
which is indicative of primary consolidation in saturated tailings materials. On the other
hand, Component 2 spatially correlates with the locations of deep-level mining stopes. Its
temporal pattern is marked by step-wise subsidence signals, a behaviour characteristic of
episodic stress release and void migration associated with active stoping, in contrast to
the smooth, asymptotic curve expected from consolidation. By integrating these spatial
correlations with established geomechanical behaviours of tailings consolidation and deep
mining subsidence, Component 1 is interpreted as TSF consolidation, while Component 2
is attributed to the regional mining-induced subsidence.
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Figure 9. Spatial distribution of the NMF weightings (W) of decoupled components. (a) Isolated
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Figure 10. NMF-decoupled subsidence components.

The identified first element, which is the TSF consolidation, indicated a spatial weight
maximum value of 1.64 on the TSF embankment and 0.00 in the wider basin, suggesting
a very localised process related to the structural loading on the embankment wall. This
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component shows a constant, non-linear increase over time. This pattern is consistent
with the expected geotechnical behaviour of long-term primary consolidation, which is
characterised by the gradual dissipation of excess pore water pressure and the ongoing
self-weight compaction of fine-grained tailings. The soil gradually becomes compacted
as the heavy weight of the mud releases trapped water. Component 2, on the other hand,
represents Regional Mining Subsidence, which is the broad surface subsidence caused by
deep underground mining. This process has a significant impact on the entire landscape,
with weights observed in both the interior basin (1.15) and the embankment (1.46). The
embankment is subjected to increased loading due to its proximity to underground exca-
vation zones, leading to greater absorption of downward forces during earth movement.
Mining-induced subsidence is typically dynamic, often resulting in abrupt drops or steps,
unlike the gradual compaction typical of wet soil. The repeated cycles of rock extraction
during the ore mining process cause the earth’s surface layers to shift, crack, and settle
into newly formed voids, eventually leading to these downward movements. Analysing
the different spatial distributions and their time signatures using the NMF algorithm is
consistent with deep regional mining being the dominant factor affecting the tailings facility.
This type of mining continuously imposes large-scale settlement effects on the localised
shallow consolidation.

4.5. Decoupled NMF Components Validation

A three-step validation system was introduced to carefully ensure that the decoupled
mechanisms as identified by the NMF model are not superficial artefacts of computational
processes that exist only in nature. This framework includes verification of ground-truth,
evaluation of mathematical accuracy, and geographical-spatial correlations of the subsiding
areas (Figure 11).
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Figure 11. NMF spatial validation. (a) Component 1: TSF-constrained localised consolidation
(SNR = 5.50); (b) Component 2: Broad regional subsidence driven by deep underground panels
(SNR = 3.58).

Firstly, a spatiotemporal agreement with adjacent GNSS stations was used to ascertain
the physical consistency of the underlying SBAS-InSAR data, as detailed in Section 4.2.
The subsequent comparison and ground-truth cross-validation confirmed that the baseline
cumulative subsidence matrix V utilised in the NMF algorithm is consistent with physical
ground movement.
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Secondly, the mathematical accuracy of the NMF decomposition was measured using
Signal-to-Noise Ratio (SNR) and correlation coefficient of determination (R?). When
comparing the original SBAS-InSAR result with the NMF-reconstructed matrix at the first
embankment benchmark, the model attained an R? value of 0.96. These results suggest that
the two extracted components capture nearly all the real kinematic variability and do not
lose much spatial detail or require additional, more complex components. In addition, the
SNR values verify that the decoupled drivers are spatially different. Component 1 displayed
a very localised shallow embankment consolidation with an SNR of 5.50. Alternatively,
Component 2, with an SNR of 3.58, was a quantitative measure of the dispersed, regional
signal propagation associated with underground extraction. These findings indicate that
the observed signal is an inherent natural reaction and not a processing anomaly.

Thirdly, quantitative spatial correlation was used to verify the observed phenomenon.
The reliability of the decomposition method is indicated by the absolute values of the settle-
ments at the main point of the decomposition control. The overall cumulative subsidence
at the selected embankment point recorded at the monitoring period was about —57.5 mm.
Application of the NMF spatial weights to isolate the overlapping signals indicated that 92%
of the total displacement was as a result of deep regional mining influence (Component 2).
Localised TSF consolidation (Component 1), on the other hand, contributed only 8% of the
subsidence, amounting to —4.6 mm.

The differences in contributions to deformation indicate that surface-level infrastruc-
ture settlement is mainly due to the relaxation of strata beneath the surface. In addition,
the deep mining signal dominating at the surface facility by 92 percent gives a step-by-step
physical account of how stress at considerable depth is transferred to the surface. The wide
and diffuse spatial boundary and the intermittent time signature are consistent with the
effect of the geotechnical Angle of Draw, as explained below.

4.6. Geomechanical Interpretation of the Angle of Draw Influence Zone

The regional mining component, that is, component 2, shows a significant spatial
expansion, with large spatial weights extending significantly beyond the immediate vertical
boundaries of the active underground mining panels. This diffuse spatial pattern is a direct
manifestation of the geotechnical phenomenon known as the Angle of Draw. Because
mining at the South Deep mine occurs at great depths within the Upper Elsburg reef, the
subsidence caused by the induced stresses from the removal of mineral-bearing rock does
not spread vertically to the surface. Instead, the induced stresses are redistributed outward
by the continuous, fractured overburden layers above the main mineral ore-bearing rocks.
The subsidence footprint expands at an angle to the excavation edges as it approaches the
surface, due to the rock mass settling as voids form at deeper levels as mining progresses.
As a result, the area where this subsidence is most noticeable forms a large deformation
trough that naturally extends beyond the specific extraction panels and covers nearby
surface infrastructure. Moreover, the different irregular phases in the spatiotemporal
pattern of Component 2 suggest that this redistribution of stress is kinetically nonlinear.
As deep rock layers break apart and move into voids below the surface, the surface shows
delayed and rapid downward movements. The Doornpoort TSF and other important
surface infrastructure are located in the active Angle of Draw influence zone, making them
vulnerable to regional external geomechanical forces. From the NMF decomposition, it was
found that Component 2 accounts for 92% of the total displacement, thus making it a major
concern. Figure 12, shown below, depicts the Angle of Draw scenario.
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Figure 12. Sketch diagram illustrating the Angle of Draw phenomenon.

5. Discussions

The NMF decomposition suggests that deep-level mining at the South Deep gold mine
does not act solely through localised void collapse but initiates a regional-scale redistribu-
tion of stress across the mechanically heterogeneous dolomitic overburden. Beneath the
surface, karstified and fractured dolomitic sublayers appear to act as a semi-permeable
mechanical medium that transmits stress upward from the deep extraction horizons, trans-
forming discrete stope-scale failures into broad surface deformation. The influential nature
of the mining-induced component suggests that deep stress emanating from the extraction
zones, rather than near-surface soil behaviour, influences the stability of the overlying
surface infrastructure, propagating through gradual creep, delayed fracture formation,
and progressive destabilisation. Within this framework, the localised, structurally lim-
ited response attributed to tailings consolidation is consistent with the Doornpoort TSF
behaving as a passive surface load on a regionally subsiding surface, whose deformation is
modulated by deep force gradients rather than driven by them. The absence of cyclic uplift
or seasonal oscillation in the INSAR time series makes short-term groundwater recharge an
unlikely primary driver, although localised dewatering and pore-pressure changes in the
dolomitic aquifers may influence how stress is transferred to the surface.

Methodologically, coupling SBAS-InSAR with a physically constrained NMF decom-
position addresses a known limitation of conventional blind source separation methods,
which can introduce non-physical artefacts such as false uplift in settings where subsidence
is the dominant process. Enforcing non-negativity allows the merged kinematic signal to be
separated into geomechanically plausible components, consistent with recent applications
of NMF to multi-source land subsidence [54]. Two limitations should be noted. First,
GNSS cross-validation was enabled by projecting single-orbit Sentinel-1 acquisitions to the
vertical; combining ascending and descending tracks in a multi-orbit fusion would resolve
the full three-dimensional displacement vector and better capture the lateral strain relevant
to embankment stability. Second, validation relied on three continuous GNSS stations,
which limits the spatial density of the ground truth. To mitigate this, INSAR displacements
were averaged over all coherent pixels within a 50 m radius of each GNSS benchmark, re-
ducing the influence of localised atmospheric noise, decorrelation, and unwrapping errors
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and yielding a conservative, spatially representative comparison against the point-based
GNSS records.

This study does not incorporate direct geotechnical measurements such as piezometer,
extensometer, or inclinometer readings, nor were underground blasting or extraction
schedules available for direct temporal correlation with the decomposed components;
therefore, the attribution of components rests on spatial correspondence with the mining
layout and on the consistency of their temporal signatures with established geomechanical
behaviour. The InNSAR-derived rates nonetheless provide a useful behavioural indicator: the
embankment consolidation rates of —9.32 to —13.40 mm/year fall within ranges generally
regarded as slow, uniform primary consolidation, compared to the faster or spatially
uneven rates that can signal shear failure or internal erosion [7,8]. On this basis, the
current deformation does not indicate an immediate threat to overall TSF stability, although
continued spatial monitoring remains warranted to detect localised anomalies early. These
results support revising TSF risk assessment to consider regional, mining-driven subsurface
deformation alongside internal geotechnical factors. Adopting INSAR-NMF decoupling as a
routine monitoring step could help identify developing issues in critical mine infrastructure
and inform reinforcement, drainage, or destress planning. The approach is potentially
applicable to other underground mining regions underlain by karstified, fractured, or
hydrogeologically active strata, and its value would be further enhanced by integration
with time-dependent geophysical modelling, microseismic monitoring, and in situ pore-
pressure telemetry.

6. Conclusions

This study integrated multi-temporal SBAS-INSAR, GNSS observations, and Non-
negative Matrix Factorisation with underground mining layout data to characterise mining-
induced subsidence impacting surface infrastructure at the South Deep gold mine, South
Africa, with particular emphasis on the Doornpoort TSE. Analysis of 78 Sentinel-1A acqui-
sitions from May 2022 to December 2024 identified spatially coherent subsidence restricted
to the Current Mine, North of Wrench, and South of Wrench-East blocks, which correspond
to active underground extraction zones. The maximum deformation rate and cumulative
displacement at the Doornpoort TSF south embankment benchmark were —26.09 mm/year
and —57.45 mm, respectively.

Application of NMF to the cumulative time series separated the superimposed signal
into two physically interpretable components. At the embankment benchmark, regional
mining-induced deformation accounted for 92% of total displacement, while localised
TSF consolidation contributed 8% (—4.6 mm). These results demonstrate that deep-level
mining is the primary driver of surface settlement and that the Doornpoort TSF functions
predominantly as a passive surface load within a broader regional deformation basin,
rather than experiencing isolated geotechnical failure. The decomposition achieved an R?
of 0.96 relative to the original SBAS-INSAR series, with component signal-to-noise ratios
of 5.50 for localised consolidation and 3.58 for regional mining, supporting the physical
validity of the separation rather than a processing artefact.

These findings suggest that risk assessment for tailings storage facilities in deep-
mining environments should incorporate regional, deep-seated stress redistribution in
addition to conventional internal geotechnical factors. The present study did not evaluate
the engineered strength or integrity of the TSF, and validation relied on three GNSS stations.
Future research will integrate INSAR observations with in situ pore-pressure monitoring,
geophysical surveys, and geotechnical characterisation to enhance predictive, multi-hazard
risk frameworks for the site.
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