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Several tailings dam failures have been reported over the past few decades, raising questions about the stability of these structures. Over the past 30 years, there have been more severe failures of tailings dams, which have resulted in damage to the environment, fatalities and severe socio-economic issues. It is often impossible to predict when tailings dams could fail, so there is an urgent need to develop cost-effective methods for monitoring their stability and preventing such catastrophic events. Recent advancements in techniques related to ambient seismic noise have the potential to introduce new approaches to subsurface imaging and monitoring. In this study, we investigated the potential of using ambient seismic noise to monitor the interior wall of a tailings dam. We used 20 3C short-period geophones to record ambient noise over 3 days continuously. We set up the geophones at the Harmony Gold Mine tailings dam in Welkom, South Africa, along a survey profile approximately 100 m long. Seismic interferometry was used from the recorded data to retrieve empirical Green’s functions. We computed the dispersion curves’ inversion to determine the dam wall’s shear wave velocity at different depths. The calculated shear wave velocity cross-sections revealed a region of reduced velocity within the dam wall, situated between 2 m and 10 m beneath the surface. This zone of low velocity can be a sign of water-saturated material or other subsurface anomalies, which might jeopardise the dam’s structure.

Significance:

Tailings dams have a long history of ruptures and collapse. The results from this study indicate that passive seismic interferometry can be a cost-effective tool for imaging and identifying minor changes within the interior of the tailings dam wall. This technique could prove valuable in detecting potential instabilities before they reach a critical stage. This can allow for early intervention and remedial measures, such as reinforcing the dam wall or adjusting the water levels in the tailings dam.






Introduction

Tailings dams store waste after separating ore and gangue in mining operations. Some dams reach dozens of metres in height and stretch over several kilometres.1 These structures can fail, resulting in catastrophic environmental and social consequences. When a tailings dam collapses, it can release millions of tons of toxic waste into surrounding ecosystems, contaminating water sources, and damaging infrastructure. Estimating the exact number of tailings dams worldwide is challenging, as many operate without regulation or documentation. An estimated 3500 large dams exist worldwide; a significant portion are dedicated to supporting mining operations and can potentially be classified as tailings dams.2

South Africa has the highest number of environmentally hazardous tailings dams globally due to the predominance of upstream tailings dams, which are considered unsafe and are banned in some countries.3 There are over 212 reported tailings dams in South Africa4, and there have been serious dam failures recorded over the past three decades.

On 22 February 1994, the Merriespruit tailings dam collapsed, resulting in the discharge of 600 000 m3 of tailings and 90 000 m3 of tailings water that spilled into the town of Merriespruit. This incident is considered as the most infamous tailings dam accident in South Africa. After a few hours of heavy rain, the dam overtopped and broke, resulting in static liquefaction and the flow slide of a section of the embankment as soon as sufficient toe material had eroded. The disaster resulted in the death of 17 people and the destruction of thousands of houses. Figure 1A and 1B shows an aerial view of the dam after it collapsed and images of the town to which the tailings flowed.

On 24 December 2021, coal mining effluent poured from a collapsed dam at the Zululand Anthracite Colliery (ZAC) mine, causing another tailings dam to break. At least 1 500 000 L of contaminated mining waste flowed close to residences before reaching the Black Umfolozi River, which flows through subsistence farming areas and the Hluhluwe-iMfolozi Game Reserve, where the community depends on the river for drinking water and for watering their crops. Figure 1C and 1D shows areas contaminated by the toxic and acidic coal mine waste released into the rivers that flowed through rural villages, the Hluhluwe-iMfolozi and iSimangaliso nature reserves, and other nearby locations.

[image: 16366Kunjwa_fig1]

Figure 1: (A) An aerial view of the Merriespruit tailings dam after it collapsed; (B) images of the town covered by the sludge; (C) the extent of pollution of the Black Umfolozi River; (D) toxic coal mining waste flowing through Hluhluwe-iMfolozi Game Reserve.

Sources: (A,B): Minerals Council of South Africa5; (C) Daily Maverick6; (D) Dennis Kelly6; reproduced with permission.



The most recent dam failure happened at Jagersfontein in South Africa on 11 September 2022 – most of the tailings discharged from the south of the dam, where there was a breach. The width of the plume reached up to 1.5 km and extended about 8.5 km. The sludge contaminated the Prosesspruit River and several other streams. Many other irrigation and drinking water systems were also polluted.

As investigators commence the collection of post-failure evidence for analysing the breach, initial observations point to overtopping as the underlying cause of the failure.7 Besides destroying over 50 homes, disrupting water supplies and crops, and displacing nearly 400 people, the disaster resulted in the tragic loss of one human life and approximately 900 farm animals owned by at least 25 farmers.8

Establishing and maintaining effective monitoring systems for tailings dams is a complex challenge influenced by technical intricacies, site-specific issues, cost constraints, human errors and data management difficulties.5 Despite the increasing awareness of potential risks linked to tailings dams, there are significant areas for improvement in detecting and monitoring failures. Monitoring systems often need to be more adequately designed and maintained, and the absence of standardised monitoring guidelines results in inadequate safety measures. Moreover, mining companies rarely share information about their monitoring systems, hindering their effectiveness of evaluation.9 Communities downstream of these dams are often unaware of the associated risks due to a lack of transparency regarding tailings dam safety.

To address these gaps, increasing investments in monitoring and establishing a transparent reporting system is imperative for accurately assessing and managing these risks. The tailings dam failures observed globally have raised serious questions concerning how government and mining companies deal with the long-term repercussions of 150 years of industrial mining. This study illustrates the potential of using passive seismic interferometry as a tool to image dam walls.

Passive seismic interferometry is a geophysical technique used to estimate properties of the subsurface through the analysis of ambient seismic noise cross-correlation. Alternative approaches to seismic interferometry, such as cross coherence and deconvolution interferometry, are also utilised to derive valuable information about the subsurface environment.10 This technique has proven to be useful in various applications, including seismic imaging11, tracking and monitoring groundwater levels12,13 and exploration of hydrocarbon reservoirs14. This technique aims to retrieve the empirical Green’s function of the subsurface by using naturally occurring seismic waves generated by various factors, including wind, ocean waves and human activities.

The empirical Green’s function serves as an estimate of the Green’s function, revealing how a medium, like the Earth’s subsurface, responds to a localised energy source. In the field of seismology, the empirical Green’s function proves to be a valuable tool, providing essential insights into the acoustic and elastic characteristics of the subsurface.15,16

Several studies have successfully demonstrated the possibility of recovering surface waves using seismic interferometry.15-17 Examining the Earth’s subsurface structure encompasses the analysis of surface waves across diverse time intervals. Typically, research in this field has primarily utilised waves with frequencies significantly below 1 Hz to investigate the properties of the crust and upper mantle. However, recent progress in seismic interferometry has broadened the possibilities by extending exploration to frequencies beyond 1 Hz. This advancement has introduced novel opportunities for investigating the subsurface, especially in the range spanning tens to hundreds of meters. Consequently, there is a noticeable trend towards focusing on shorter periods, reflecting an increased interest in studying and understanding the Earth’s structure at relatively shallow depths in scientific investigations.11,18

Calculating dispersion curves is important in the fields of seismology and geophysics, as they provide crucial insights into the relationship between the seismic wave velocity and frequency. These curves illustrate the variations in the velocity of seismic waves across different frequencies, thereby providing valuable information about the structure of the Earth’s subsurface. This approach plays a pivotal role in enhancing our capability to interpret the intricate and dynamic characteristics of the Earth’s subsurface. It is also crucial for assessing dam wall stability, especially in locating the phreatic surface and determining soil saturation.17 Rayleigh waves, generated by P and SV waves interacting with a free surface, have opposite responses to saturation, affecting velocity measurements. Love waves, which are generated when SH waves interact with free surfaces, demonstrate a distinctive decrease in velocity with saturation. This characteristic is the reason why Love waves were chosen for analysis in this study.

Data acquisition

We deployed a total of 20 three-component 14 Hz seismic sensors, each equipped with a sealed gel battery and connected to a three-channel seismic data cube. The synchronisation of time between stations was accomplished using internal GPS modules, and the signal was recorded at a rate of 400 samples per second.

These sensors were positioned along a 95-m survey line, maintaining an interstation spacing of 5 m. To safeguard against adverse environmental conditions, potential animal interference and the risk of contact corrosion from water and soil chemicals, both the data cube and the battery were placed in a sealed plastic box and buried. The sensors were installed to align with north, with their horizontal components oriented east-west in relation to north depicted on the map. The sensors were specifically buried on the tailings dam wall, approximately 1.5 m from the foot of the dam wall. The portion of the dam where the sensors were placed represents only a minor segment of the entire tailings dam at a single elevation. Figure 2A provides an aerial view of the tailings dam where we positioned the stations, while Figure 2B illustrates the distribution of the seismic stations. We planted these stations between cone penetration tests conducted on the tailings dam and above a seepage area at the dam’s base.
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Figure 2: (A) Aerial view of the tailings dam where the seismic stations were planted; (B) a zoomed in picture of Figure 2A showing the distribution of the seismic stations on the tailings dam; (C) outline map of South Africa, the red area indicates the Free State province where Welkom is located.

Source: Google Earth (created using the free and open source QGIS).



In this project, we follow the processing scheme outlined by Bensen et al.18 for data processing of a single station. The procedure consists of three main phases: (1) preparation of data from a single station, (2) cross-correlation calculation and temporal stacking and (3) gen-eration of dispersion curves and inversion of ground profiles. For this project, we developed a MATLAB code for the first two phases of the data processing procedure.

Data processing

The ambient seismic noise recordings or data acquired from the stations require pre-processing before immediate use, as the coherent broadband ambient noise needs to be accentuated prior to cross-correlation.

Ambient seismic noise, known as microseisms, emerges in the 2- to 20-second period range due to standing waves in the ocean, serving as a valuable source of information about oceanic processes. Microseisms generated in lakes, observed within the 0.5- to 2-second period range, share potential generation mechanisms with single- and double-frequency microseisms. This information aids in expanding our understanding of seismic phenomena in lacustrine environments.19 Additionally, microtremors, characterised by shorter periods, typically less than 1 second, are linked to human activities. The frequencies observed in both microseisms and microtremors encompass the frequency band of body and surface waves, providing a holistic view of natural and human-induced seismic influences.20,21

Spectrograms function as visual representations that depict the distribution of frequencies throughout the entirety of a recording. Essentially, they offer a comprehensive overview of the frequency composition present in the recorded signal. Particularly noteworthy in this context is the recognition of distinct and prominent peaks surpassing the 50 Hz threshold, as depicted in Figure 3. These high peaks are specifically linked to anthropogenic effects, signifying the occurrence of human-generated activities or disturbances within the recorded data.

[image: 16366Kunjwa_fig3]

Figure 3: Spectrogram of stations A9J and A9M.



The spectrogram illustrates temporal variations over time. High frequen-cies are predominantly observed between 3 and 6 hours, aligning with the commencement of mining operations at the processing plant of the dam being investigated. The heightened frequency during this period is likely associated with human activities. After calculating the spectrograms, the data underwent band-pass filtering to remove high frequencies above 50 Hz before normalisation was applied.

We segmented the data into 10-minute intervals to provide a more detailed view of the signal (Figure 4). This step is crucial for achieving a precise analysis of events and spikes that might not be readily apparent in the original signal.

[image: 16366Kunjwa_fig4]

Figure 4: (left) Data that were filtered before being normalised for time using the running absolute mean technique; (right) filtered data after temporal normalisation.



Temporal normalisation in the time domain assumes significant importance during the preparation of a single station. This reduces the influence of correlated earthquake signals, instrument irregularities and non-stationary noise sources close to the stations.

In this study, we implemented the water-level normalisation method, as explained by Bensen et al.18 Water-level normalisation is a method commonly used in ambient noise tomography to account for variations in noise levels across different stations or time periods. This normalisation technique involves dividing the seismic data by an estimate of the noise level to achieve a more consistent representation of the ambient noise field. This technique enhances the reliability of seismic data by reducing the influence of non-seismic factors, such as environmental conditions or instrument characteristics, thereby improving the quality of seismic analyses and interpretations.

We applied spectral whitening on the data in the final step of this data processing phase. Ambient noise spectra typically show non-uniformity in the frequency domain, requiring the application of whitening to flatten the spectrum. This step aims to increase the bandwidth of ambient noise while reducing the impact of persistent, spatially isolated noise sources on the signals.

The spectral whitening process involves creating a MATLAB function called ‘Whitening’. This function generates a flat Fourier spectrum for a given signal initially exhibiting non-uniformity across a range of frequencies within a defined frequency band. This process includes applying a Hann window to the signal, followed by Fourier transformation, magnitude normalisation and inverse Fourier transformation. Figure 5 illustrates the amplitude spectra of the waveform before whitening, displaying non-uniformity with multiple peaks of varying amplitudes.

[image: 16366Kunjwa_fig5]

Figure 5: (A) An example of the amplitude spectrum of station A9J before spectral whitening and (B) amplitude spectrum after spectral whitening is applied.



Phase 2 of the data processing begins with computation of cross-correlation between all station pairs to obtain empirical Green’s functions. The correlation is computed across all components, including north-north, northeast-east, east-east and east-north. Cross-correlation was performed on 10-minute segments between all pairs of sensors. Following computation, the cross-correlations were stacked by summation of the sensor pairs. In this stack, each trace represents the cumulative sum of correlation pairs derived from various sensor pairs.

This summative approach enhances the signal-to-noise ratio and highlights coherent features present in the ambient noise field. The correlation functions pertaining to the vertical component depict estimations of Raleigh waves traversing between sensors, while those of the horizontal transverse signify Love waves. As previously mentioned, the investigation of Love waves is deemed more suitable in this setting. Figure 6 illustrates each trace represents the sum of all the correlation pairs plotted as a function of interstations distance. The cross-correlations are two-sided time functions, encompassing positive and negative time coordinates representing waveforms travelling in opposite directions between stations.

[image: 16366Kunjwa_fig6]

Figure 6: The filtered and normalised data were cross-correlated. The cross-correlation functions are shown against the interstation distance. Both positive and negative lag periods show distinct arrival fronts.



We computed and stored cross-correlation functions for lag times spanning from −2 to 2 seconds. This calculation was determined considering the maximum interstation distance of 95 m (distinct from 85 m) and the slowest anticipated surface wave velocity, and the determined time-series length for the cross-correlation functions is 1.52 seconds. Despite the deployment of 20 stations in the field, it is noted that data from two stations were deemed inadequate for analysis, potentially due to cessation of recording during field operations. Consequently, the data were omitted from the processing and analysis conducted in this study.

The correlation functions of the Love waves show arrival fronts for both positive and negative lag times, related to the velocity of surface wave propagation, and this corresponds to the propagation velocity of the surface waves.

The cross-correlation functions show significant asymmetry in amplitude and spectral content. The observed asymmetry indicates variations between the source and the distance from the source in the radial directions extending outward from the stations.

After completing the computation of daily cross-correlations and the stacking process, we measured phase speeds as functions of the period using the resulting waveform data. The primary objective of this step is to analyse how the velocity of the Love waves changes as a function of frequency.

To calculate the dispersion curves, we employed a phase delay and stack method. In order to create a spatial map of shear wave velocity, consecutive sensors are grouped, and the average dispersion curve for the group is calculated by phase delaying and stacking the correlation functions for each trial velocity at a given frequency. Then, we filtered each stacked correlation function within frequency bands ranging from 7 Hz to 14 Hz and identified the strongest arrival time for each frequency. Since we knew the distances between the seismic stations, we derived the phase velocity by dividing the distance between the sensors by the selected arrival time. We stacked the curves on each other for multiple pairs of sensors to enhance the signal-to-noise ratio. Figure 7 illustrates the resulting dispersion curves for these sensor pairs.

[image: 16366Kunjwa_fig7]

Figure 7: Diagram of the computed dispersion curves (phase velocity plotted against frequency). The plotted lines represent the average dispersion curve for the different sensor pairs.



We calculated average dispersion curves for various velocities at specific frequencies by grouping sensor pairs. The resulting curves consistently demonstrated a common trend, with lower frequencies exhibiting a high velocity range of 138–160 m/s. Some curves displayed relatively high velocities between 10 Hz and 15 Hz, but at frequencies exceeding 20 Hz, certain curves showed a decrease in relative velocity. Anomalous peaks observed in dispersion curves with velocities exceeding 160 m/s may be attributed to the non-uniformity of the ambient noise sources. Variations in the spatial distribution or characteristics of these noise sources within the study area can give rise to localised peaks in dispersion curves.

According to Ivanov et al.22, surface waves are responsible for approxi-mately 70% of total seismic energy. They are characterised by dispersion, meaning that the different wavelengths have different penetration depths and travel at different velocities. The density and elasticity of the medium influences the speed at which these waves propagate. Longer-period waves are more sensitive to greater depths and penetrate deeper into the Earth’s surface and also travel faster generally, as noted by Lin et al.23

Surface waves propagate in multiple modes, each with a dispersion curve representing a different velocity range. Higher modes emerge with velocity ranges greater than those of the fundamental mode, with the lowest velocity range. When surface waves propagate through layered horizontal media, they do so multimodally. Different modes of vibration appear at frequencies higher than a specific cut-off frequency. Each mode has its unique propagation velocity, consistently increasing from the fundamental to the higher modes.

In heterogeneous media, higher modes of surface waves emerge due to the constructive interference waves undergoing multiple reflections at layer interfaces.24 However, detecting these modes is challenging because the energy carried by different overtones is not uniform. The energy distribution depends on frequency, causing a mode to dominate in one frequency band while negligible in another.24

We used a wave field transformation procedure explained by Luo et al.25 to image the various modes and transform the multi-channel record, thereby identifying the dispersion curves based on their altered energy distribution.

We employed a Fast Fourier transform to shift the data into the frequency domain, which included phase-shifting the cross-correlation functions. We determined the relative energy for a particular frequency to obtain the slant-stacked amplitude for each set of virtual pairs. The technique included conducting a slant stack of filtered noise cross-correlation traces to create an image in the period-velocity domain. We filtered the traces and stacked them across various velocities at a particular frequency. The stack’s amplitude enhances the correct velocity while suppressing others that do not align coherently. We then plotted the summed amplitude in the frequency domain to generate the dispersion curves.25

To determine the shear-wave velocity profile with depth, an improved neighbourhood algorithm described by Wathelet26 was employed to invert the dispersion curves. The velocity changes with depth in the following manner: from the surface down to a depth of 4 m, the velocity spans a range of 240–164 m/s; between 4 m and 14 m, the velocity maintains a constant value of 164 m/s and then decreases to 158 m/s at a depth of 15 m (Figure 8). This decrease in velocity could result from increased saturation in this part of the dam wall.

[image: 16366Kunjwa_fig8]

Figure 8: (A) 1D inverted profile and (B) theoretical dispersion curve that corresponds to the velocity model.



The inversion analyses were conducted using the Dinver module within the open-source software Geopsy explained by Wathelet26. Shear wave velocities generally exhibit low values, with none surpassing 250 m/s at shallow depths between 1 m and 3 m. The average shear wave velocity at a depth of 20 m is 120 m/s. The presence of high velocity anomalies in the theoretical dispersion curve may stem from pre-existing anomalies in the data, which were incorporated into the inversion for analysis.

The S-wave ground profile indicates higher velocities in the shallow portion (0–9 m). Following the inversion of all 30 dispersion curves, we assigned the resulting S-wave velocity profiles to the centroid of the sensor group used for constructing the shear wave velocity cross-section.

The final phase of the data processing approach involves creating a psuedo 2D shear wave velocity profile to generate a cross-section of surface and depth shear-wave velocities (Vs) (Figure 9). This is achieved by inverting all dispersion curves and implementing a bilinear interpolation method to create a 2D velocity grid data set. Subsequently, we utilised this data set to create a cross-section where different colour codes represent varying velocities.

[image: 16366Kunjwa_fig9]

Figure 9: Cross-section of the shear wave velocity profile over 85 m of the section. The phreatic surface is represented by the low-velocity zone underneath the white line. The numbers at the bottom of the figure indicate geophone positions. The profile shows increasing distance from the right to the left and was plotted in this way to be consistent with the order in which the stations were planted. The stations were planted from the left to the right on the tailing dam wall.



Bilinear interpolation, a 2D interpolation technique, interpolates values along one axis and then along the perpendicular axis. It extends linear interpolation and is applied to interpolate functions with two variables on a rectangular 2D grid.

The horizontal resolution of the map is influenced by two field variables: the length of the receiver spread and the acquisition period. The virtual source spread length establishes the theoretical lower limit for spatial resolution, and any lateral dimension of a Vs structure smaller than this will not receive accurate resolution in the resulting Vs map. Spatial resolution can also be affected by processing accuracy, as each 1D Vs profile may contain errors arising from inaccuracies in the dispersion-inversion procedure’s analysis.

Since the accuracy of stacking velocity significantly impacts the quality of seismic images, we employed interpolation to provide a more precise estimation of the stacking velocity. The initial step in determining stacking velocity involves interpolating time between picks at velocity analysis points. The subsequent step entails spatial interpolation to estimate stacking velocities at positions between the known velocity analysis points.

The upper layers at depths of 0 to 5 m display lateral variations in S-wave velocity, likely attributable to differences in soil compaction. Higher-velocity values may be associated with dense sand, while lower-velocity values may result from loose sand or soft clay.

A low-velocity zone that is close to the surface is detectable at 30 m, 50 m and 60 m along the profile, suggesting the possible presence of very loose sand or very soft clay in this region. Additionally, the S-wave profile shows a distinct low-velocity zone situated approximately 10 m below the surface. Two plumes with lower velocities ranging from 133 m/s to 140 m/s are observed between 50 m and 65 m near the array’s core. This observation may indicate that the phreatic surface lies closer to the ground’s surface.

Between distances of 70 m and 80 m, a high-velocity zone is discernible on the profile, suggesting the possible existence of dense sand. It is worth noting that the survey line closely corresponds to the area where the photograph providing evidence of seepage was taken (Figure 10).

[image: 16366Kunjwa_fig10]

Figure 10: The cross-section of the shear wave velocity profile overlain on the aerial image of the tailings dam to correlate with where the stations were deployed. (B) and (C) Pictures that were taken at the foot of the tailings dam. The images show indications of visible surface water and increased plant growth at the dam’s base.

Source: (A) Google Earth.



Conclusion

Tailings dams play a critical role in storing mining waste, but they come with the inherent risk of failure, which can lead to severe environmental and human consequences. Traditional methods for assessing dam stability are resource-intensive and expensive, often relying on borehole drilling and physical measurements. Surprisingly, seismic methods, which offer continuous imaging of dam interiors, are underutilised in this context.

There is an urgent need for research and the development of innovative monitoring methods to track the evolving behaviour of these structures over time. Recent advancements in seismic interferometry have provided a way to use ambient noise to create virtual seismic sources at sensor locations, offering a cost-effective solution for monitoring subtle subsurface changes within tailings dams using standard passive micro-seismic monitoring equipment.

Our study aimed to employ ambient seismic noise to image the internal structure of a section of a tailings dam experiencing increased seepage. To accomplish this, we performed cross-correlation on seismic noise recorded from horizontal transverse geophone components, allowing us to estimate Love wave virtual source signals across the sensor array. We generated dispersion curves between different sensor pairs using these virtual source signals. To obtain 1D shear wave velocity profiles, we applied an improved neighbourhood algorithm to invert the dispersion curves.

Furthermore, we utilised virtual source signals to create dispersion curves between sensor pairs and employed the improved neighbourhood algorithm to invert these curves, resulting in 1D shear wave velocity profiles. We interpolated the profiles to construct a 2D shear wave cross-section along the survey line.

The resulting cross-section revealed a low-velocity zone approximately 12 m below the surface. Intriguingly, it also detected similar low-velocity zones at depths of 15, 50 and 60 m along the array, all positioned between 2 m and 10 m below the surface. These findings strongly suggest that the phreatic surface is notably closer to the surface in this specific region.

In summary, our study showcases the considerable potential of ambient noise tomography as a powerful tool for monitoring the structural integrity of tailings dams. By providing detailed subsurface images, this approach has the potential to identify potential risks and ultimately enhance the safety of these critical structures.
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