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Accurate characterisation of seismic source mechanisms in mining environments is crucial for 
effective hazard mitigation, but it is complicated by the presence of anisotropic geological conditions. 
Neglecting anisotropic effects during moment tensor (MT) inversion introduces significant distortions 
in the retrieved source characteristics. In this study, we investigated the impact of ignoring anisotropy 
during MT inversion on the reliability of hazard assessment. We investigated a high-energy (2.18×
106 J) induced by mining activities in the Nantun coal mine in China. The subsurface was modelled as a 
vertically transversely isotropic medium, incorporating four different levels of anisotropy derived from 
site-specific geological and tomographic data. The results demonstrate that neglecting anisotropy 
led to significant distortions in the retrieved source parameters, including polarity flips and the 
introduction of spurious non-double-couple components. These artefacts compromised the accuracy 
of hazard analysis and undermined the effectiveness of risk management strategies. In contrast, the 
sequential inversion method yields a MT solution with a 0.14 misfit, accurately retrieving the focal 
mechanism, which is interpreted as a normal right-lateral oblique shear failure along the F3 fault. This 
study highlights the importance of properly incorporating anisotropy effects when analysing induced 
seismicity in heterogeneous mining environments. The use of a homogeneous Green’s function for 
MT inversion may be inadequate for reliable hazard assessment, underscoring the need for advanced 
techniques that can effectively model the influence of subsurface anisotropy on seismic wave 
propagation and source retrieval.
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The growing demand for resources has gradually driven underground engineering projects to shift towards 
densely populated regions1. This shift has brought with it the challenge of induced seismicity - the earthquakes 
caused by human activities, which have gone on to damage subsurface structures and buildings, heightening 
public concern about underground operations. In recent years, this phenomenon of induced seismicity has 
emerged as a significant scientific and social issue2. An analysis of 730 anthropogenic projects3 revealed 
that mining-induced seismicity is the predominant form in the current induced seismicity dataset (www.
inducedearthquakes.org), presenting a substantial challenge for contemporary mining safety.

The harsh mining environment restricts personnel from accessing the epicentral sites, hampering the use 
of conventional techniques like geological fracture mapping to understand the geometric behaviour behind 
each seismic event4. Microseismic (MS) monitoring, however, provides valuable information about coal and 
rock media, reveals fracture geometries, and assesses mining hazards5–7. This technology has gained widespread 
acceptance in global mining operations, allowing the capture of centroid location, magnitude, spectral 

1Key Laboratory of Deep Coal Resource Mining (Ministry of Education), School of Mines, China University of 
Mining and Technology, Xuzhou 221116, Jiangsu, PR China. 2Research Center for Rock Burst Control, Shandong 
Energy Group Co., LTD, Jinan 250014, Shandong, PR China. 3Yankuang Energy Group Co., LTD, Zoucheng 273513, 
Shandong, PR China. 4Zhaolou Coal Mine, Yankuang Energy Group Co., LTD, Juye 252123, Shandong, PR China. 
5Department of Geophysics, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan. email: 
cplucumt@126.com

OPEN

Scientific Reports |        (2024) 14:31495 1| https://doi.org/10.1038/s41598-024-83226-5

www.nature.com/scientificreports

http://www.inducedearthquakes.org
http://www.inducedearthquakes.org
http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-83226-5&domain=pdf&date_stamp=2024-12-16


characteristics, and spatiotemporal sequences of induced seismicity8–10. With extensive research on wavefield 
information, the focus of MS analysis has shifted from inferred to waveform techniques11.

The moment tensor (MT) is a crucial tool in waveform analysis techniques, as it allows us to make 
important inferences about earthquake sources. By neglecting nonlinear effects in the near-source region and 
associating the equivalent force model with linear wave equations, the MT describes the characteristics of the 
seismic source12. Fundamentally, the MT can be decomposed into three key components: the isotropic (ISO) 
component representing volume change, the double-couple (DC) component representing pure shear faulting, 
and the compensated linear vector dipole (CLVD) component representing elastic deformation without net 
volume change13. This MT description not only applies to earthquake sources with favourable shear slip, but also 
encompasses non-shear processes observed in mining-induced seismicities, such as blasting, goaf collapse, coal 
pillar burst, roof separation, and composite ruptures14,15. Additionally, the three eigenvectors of the MT provide 
crucial orientation information about the source geometry, including the strike, dip, and rake of the seismogenic 
fault.

Despite the importance of the MT in seismic analysis, concerns about the accuracy of MT solutions have 
been raised over the past decade, particularly in complex mining environments16–19. This issue poses substantial 
limitations to modelling and inversion, as knowledge of the velocity structure plays a crucial role in determining 
the resolution and stability of MT solutions20–23. Even with detailed geological surveys, including acoustic 
logging, established velocity models tend to lose their effectiveness over time due to the dynamic nature of 
mining operations, such as blasting, excavation, and ongoing activities. Consequently, exploring the mechanisms 
underlying the induced seismicity in heterogeneous mining environments remains a challenge.

Interestingly, most seismic events in mining operations are harmless responses of the coal and rock masses 
adjusting to the mining activities24,25. In fact, these events can be used to reveal the three-dimensional (3-
D) velocity structure using travel-time tomography technology26,27, which can be beneficial for the overall 
understanding of the mining environment. In this study, we focus on the 93upper21 working face of the Nantun 
coal mine, China (Fig.  1), employing a sequential inversion strategy that combines travel-time tomography 
with full-waveform MT inversion. Our main goal is to investigate how ignoring anisotropy affects distortion 
characteristics and to find ways to reduce errors in determining the earthquake source details. The ultimate aim 
is to establish a more reliable and efficient approach to studying the causes of mining-induced earthquakes and 
developing targeted measures to mitigate them based on robust findings.

Engineering conditions and metadata
Project overview
The No. 9 mining area of the Nantun coal mine in Shandong Province, China, is situated on the northeast side 
of the coalfield and adjacent to the No. 7 mining area in the southwest (Fig. 1). This area has experienced several 
tremors, with the largest recorded magnitude reaching ML 2.828, posing significant threats to mining safety and 
production.

The 93upper21 working face lies between two adjacent goaf areas. To the southwest, it borders the goaf of the 
No. 7 mining area. The northeastern side of the working face includes the 93upper10 (end of stope on 18 March 
2013), 93upper12 (end of stope on 8 November 2009), 93upper14 (end of stope on 30 May 2003), and 93upper
16 (end of stope on 27 November 2005) goafs. A coal pillar approximately 4 m wide separates the goaf and the 
93upper21 working face.

This working face featured a complex network of interconnected legacy roadways. The fully-mechanised full 
seam top coal caving mining technology was employed to mine the 3# coal seam, which has an average thickness 
of 7.5 m, from the northwest to the southeast. During the mining stage from November 2020 to December 2020, 
the working face was widened from an initial width of 116.9 m to 189.8 m after mining approximately 270 m. The 
elevation of the coal seam increased from the southeast to the northwest, ranging from -472.3 m to -542.1 m, with 
an average elevation of -507.2 m. The east-north and west-south roadways served as the headentry and tailentry, 
respectively. The dip of the coal seam varied from 2◦ to 12◦, with an average dip of 6◦. Geological drilling data 
from borehole 35# (Fig. 2) revealed that both the roof and floor of the coal seam consisted of hard-rock layers. 
The immediate roof comprised 5.0 m of siltstone, while the primary roof was a combination of mudstone and 
siltstone with a thickness of 5.0 m. The immediate floor consisted of 0.7 m of siltstone. Additionally, a hard rock 
stratum approximately 400 m thick was located 40 m above the coal seam roof, primarily composed of siltstone, 
fine sandstone, mudstone, and sandstone. A 3-D geological survey identified three faults near the tailentry: F213 
(H = 1.0 m), F2 (H = 5.0 m), and F3 (H = 10.0 m).

Monitoring seismic network array and catalogue
The MS activity of the 93upper21 working face was monitored in real-time using the Seismological Observation 
System (SOS) that was developed by the Department of Geology and Geophysics at Główny Instytut Górnictwa, 
Poland. The network array included 22 single-component short-period DLM-2001 velocity geophones (shown 
in Fig. 1), installed at depths ranging from 0 m to 643 m in the stable coal and rock mass, to capture high-quality 
seismic waveforms at a sampling rate of 500 samples/s. However, the monitoring system could only provide 
limited information on mining-induced seismic events, such as origin time, energy, and 3-D coordinates, with a 
hypocentral location error of ~50 m, which is due to the inherent limitations of the SOS29,30. It initially lacked the 
capability to accurately derive the velocity structure model, analyze source failure mechanisms, and determine 
source geometric characteristics without further processing.

On 13 December 2020 at 16:55:54 local time, a strong tremor (energy release exceeding 106 J)31 event with an 
energy of 2.18 × 106 J occurred (Table 1, Fig. 1), disrupting mining operations and causing significant physical 
and psychological impacts on personnel. Due to the limited research technology available at the time, the precise 
cause of this event remains unclear. A new accident investigation using the established sequential inversion 

Scientific Reports |        (2024) 14:31495 2| https://doi.org/10.1038/s41598-024-83226-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


method is necessary. The tomographic inversion utilized a dataset from 1 November 2020 to 12 December 
2020, including 1,186 MS events with 8,023 P-wave arrival times at the 93upper21 working face. The monitoring 
catalogue selection process excluded the influence of geophone location changes due to mining activities.

Among the monitored events, the energy distribution was predominantly in the range of 102 − 103 J, with 
752 events, while the remaining 434 events were in the range of 103 − 104 J. Maintaining a high signal-to-
noise ratio (SNR) is crucial for waveform inversion. The low-energy (102 − 103 J), high-frequency MS events 
within the monitored catalogue were susceptible to interference from noise, including coal-winning machine 
operations, mechanical collisions, and power line disturbances. Therefore, the 434 events with clear P-wave 
onset information were selected for investigating the 3-D underground velocity structure.

Fig. 1.  Plane view of the Nantun coal mine with general geological characteristics (faults and underground 
contours correspond to red and cyan lines, respectively) and roadways (black lines). The purple- and grey-filled 
areas are the 93upper21 working face and goafs, respectively. The 22 single-component geophones (orange-
filled triangles) were deployed in the coal mine (top-right corner). The yellow-filled pentagram represents a 
tremor event on 13 December 2020 with an energy of 2.18 × 106 J.
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Methodologies and integration
Moment tensor inversion
MT Inversion is a key methodology in seismic analysis, used to describe seismic sources through internal 
force systems known as equivalent body forces. These force couples operate within a defined model medium, 
generating identical displacement fields outside the source region. Each physical source corresponds to a unique 
equivalent force system in a given coal and rock medium32. When the point source assumption holds, the 
equivalent force system can be represented by a MT. A point-source MT is a symmetric second-order tensor M, 
comprising nine force couples33. This tensor includes six independent components, which are considered the 
integral of the ‘stress glut’ over the source volume34. The resulting elastic wave field from the influence of these 
equivalent forces on a medium, leading to complex displacements, is mathematically expressed as35:

Event

Date and time Location

Energy [J][yyyy-mm-dd hh:mm:ss] East [m] North [m] Depth [m]

#1 2020-12-13 16:55:54 4182 3767 549 2.18×106

Table 1.  Relocated high-energy tremor event selected for moment tensor.

 

Fig. 2.  Column of the 35# borehole. Lithological details are highlighted with colour in the legend. The 
borehole location is indicated in Fig. 1.
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	 un(x, t) = Mpq(ξ, t) ⊗ Gnp,q(x, ξ, t)� (1)

where un(x, t) is the displacement segment of the observed wavefield with the instrument response removed at 
point x; Mpq  represents the vector component of the MT, with the subscripts p and q indicating the directions 
of the force couple and force arm, respectively; Gnp,q(x, ξ, t) is the spatial derivative of the Green’s function, 
expressed as the seismic response of a particular medium, and the symbol ‘⊗’ denotes the time convolution.

Travel-time tomography
Accurate velocity models are crucial for precisely modelling the propagation of seismic waves. The Green’s 
function serves as a powerful tool in this regard, as it captures the distinct wave phenomena, such as refraction, 
reflection, and scattering, that occur in diverse velocity structures. To gain a deeper understanding of the seismic 
sources within the study area, we employed the travel-time tomography method developed by Zhao et al.26. This 
approach allowed us to determine a high-resolution 3-D velocity model of the region. The observation equation 
for travel-time tomography in the cartesian coordinate system is given by26,36:
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ij  are the observed and calculated travel times for the i-th event at the j-th station, 
respectively; ∆xij , ∆yij , ∆zij , and ∆T0i are the perturbation terms of the hypocentre parameters; ∆Vn is the 
velocity perturbation of the n-th node in the 3-D grid mesh, and eij  represents the error term of the datum. The 
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and shape functions at (x, y, z), respectively, calculated using Eq. 4.
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where (xi, yj , zk) represent the coordinates of the eight nodes surrounding a point (x, y, z).

Integration approaches
The sequential inversion workflow (Fig.  3) integrates various methodologies to accurately simulate seismic 
wave propagation and analyze seismic data. This approach involves using the velocity model derived from 
tomographic results as a prior constraint into Green’s function. The goal is to minimize the misfit value by 
comparing predicted and observed data, which is mathematically expressed using the Lp norm:

	
∥misfit∥p =

(
∑

(wcomb,i · |uobs,i − usynth,i|p)
1
p

(
∑

(wcomb,i · |uobs,i|p)
1
p

� (5)

where wcomb,i is the global weight factor for the i-th station, following the methodology of Heimann37, which 
includes balancing, manual, and bootstrap weights. uobs,i and usynth,i represent the observed and synthetic 
displacements at the i-th station, respectively.

Precision and efficiency are essential principles guiding engineering. After establishing a theoretical framework, 
efficient inversion strategies and algorithms must be implemented to effectively address unforeseen field 
conditions while operating within the constraints of finite computational resources and time. The obtained 3-D 
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velocity model was streamlined into a layered velocity model to simplify the inversion process. Here, we seek 
clarification on the preference for layered velocity models over 3-D velocity models. In the study of Krieger38, it 
was demonstrated that lateral heterogeneity in the geometric structure exerts negligible influence on the stability 
of inversion results in non-volcanic seismic contexts. Hence, a VTI velocity model adequately meets inversion 
needs. Moreover, layered models confer benefits, including expedited computational efficiency and enhanced 
flexibility across various applications. A stochastic quantitative approach was used to mitigate anisotropy effects 
and eliminate uncertainties associated with full MT resolution.

The investigation of the 3-D velocity structure involves linearizing observation equations using the parameter 
separation technique and the damped least-squares method39. This process (Fig.  3a) includes sequentially 
determining four hypocentral parameters and velocity partial derivatives, specifically addressing hypocenter 
relocation and velocity perturbation calculations. The damped least-squares method optimizes the solution by 
introducing a damping factor into extensive sparse matrices, mitigating singularity issues. As mining-induced 
seismicity records increase, partial derivatives and travel-time residual matrices become extremely large, 
posing storage challenges for personal computers. To overcome this, we employ the LSQR iterative algorithm40. 
Additionally, a multiprocess handling module was integrated to support both local and remote concurrency, 
ensuring computational efficiency.

For MT inversion (Fig. 3b), probabilistic approaches are often considered efficient due to their mixed linear 
and nonlinear nature41. In this study, the Bayesian Bootstrap Optimization (BABO) algorithm was used to 
calculate the displacement misfit between predicted and observed waveforms based on an open-source Pyrocko 
package42. The probabilistic full-waveform optimization process can be divided into three phases: uniform 
sampling, high-score list, and directed sampling43. By integrating these methodologies, the sequential inversion 
workflow effectively addresses the complexities of seismic data analysis, ensuring precise and efficient results.

Results
Parameters setting and tomographic inversion
Equation 2 involves Taylor expansion of the travel-time function based on the initial velocity model26. Accurately 
defining this model is crucial for linearising the expansion and minimising higher-order terms during inversion. 
We estimated the initial velocity model of the Nantun coal mine through linear regression analysis (Fig. 4), 
correlating travel time with 3-D epicentral distance for each ray path. The average P-wave velocity derived 
from the regression results was assigned to grid nodes corresponding to the average depth of the MS catalogue. 
Additionally, we accounted for the topographical effects on the velocity, assuming a constant velocity gradient 
of 56 m/s per 100 m of depth44, as validated by Wang et al27. These velocity values were integrated into the grid 
nodes to establish a linear observation system.

For subsequent hypocentre relocation and tomographic inversion, we adopted a mixed-grid strategy with 
inner and edge nodes to discretise the 3-D velocity field across the coal mine area. This strategy aimed to 
provide sufficient prior information for accurate Green’s function construction. Inner nodes were spaced at 50 
m intervals horizontally and vertically to capture detailed volume characteristics, while edge nodes facilitated 
velocity interpolations. The modelling ranges for the coal mine spanned 1500 − 5500 m in the E-W direction, 
1500 − 5000 m in the N-S direction, and 0 − 800 m in depth (D). Corresponding ranges for the inner area were 
3500 − 5100 m, 3000 − 4500 m, and 300 − 700 m, respectively.

Figure 3.  Study workflow of the sequential inversion: (a) For P-wave travel-time tomography. (b) For moment 
tensor inversion.
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We successfully relocated 352 out of 434 MS events triggered at seven geophones (Fig. 5), achieving a root-
mean-square (RMS) travel-time residual of 0.0025 s, indicating significant convergence. With a uniform P-wave 
velocity (Vp) of 5000 m/s, the average relocation error was approximately 13 m, a substantial improvement from 
previous estimates of about 50 m29.

While the relocation calculation validated the accuracy of the tomographic inversion, solving observation 
equations encountered challenges due to the non-uniform distribution of geophones and MS events across 
the study area. This led to a heterogeneous distribution of ray paths, where diagonal elements corresponded 
to sparsely sampled nodes significantly smaller in magnitude compared to well-sampled nodes. Damping 
regularisation was crucial to achieving a reliable inversion result. Numerous previous studies26,45–47 in multiscale 
tomography have demonstrated the effectiveness of using a trade-off curve (Fig. 6) based on RMS travel-time 
residual and the 3-D velocity model norm to determine the optimal damping parameter. Our tomographic 
results, employing an optimal damping factor of 2e − 5, are illustrated in Fig. 7.

Resolution tests
We performed a series of synthetic tests, following the methodology outlined by Zhao45, to evaluate the reliability 
and resolution of the tomographic results. This process involved several key steps. First, we constructed a 
synthetic input velocity model with pre-assigned velocity anomalies. We then calculated a synthetic travel-time 
dataset using ray information from the actual dataset, while introducing random noise to simulate uncertainties 
in manual arrival-time picking. Next, we inverted the synthetic travel-time dataset to obtain an output model, 
which we compared to the corresponding synthetic input model to evaluate the resolution and robustness of the 
tomographic results.

Beginning with a checkerboard resolution test (CRT), we used a synthetic input model with positive and 
negative Vp perturbations and Gaussian noise with a 0.001 s standard deviation. The CRT assessment focused 
on the extent of well-recovered areas, where the Vp perturbations in the input and output models matched. 
As shown in the bottom panels of Fig. 8, the well-recovered areas encompassed the roof (500 m depth), coal 
seam (550 m depth), and floor (600 m depth), indicating that a substantial portion of the features in the 
tomographic results (Fig. 7) were situated within these well-resolved areas. To further validate the robustness of 
the tomographic features, we conducted a restoring resolution test (RRT) using a synthetic input model derived 
from the real-data inversion (Fig. 7). The parameter configuration of the RRT remained consistent with that 
of the CRT, except for the synthetic input velocity model. The output model, as illustrated in Fig. 9, showed 
slight discrepancies from the input model, effectively capturing the essential features of the roof, coal seam, and 
floor, with only a few insignificant details lost. The collective results of these resolution tests demonstrated the 
reliability and resolution of the tomographic imaging approach used in this study, providing confidence in the 
interpretation of the obtained results.

MT results comparison: velocity model influence
Two sets of MT inversions were conducted to explore the distortion characteristics resulting from neglecting 
medium anisotropy in high-energy tremors. These experiments focused on two distinct velocity models 
illustrated in Fig. 10: a homogeneous model represented by dashed lines and a VTI anisotropy model depicted 
by solid lines. The first velocity model was homogeneous, with P-wave and S-wave inversions using mean values 
matching those of the tomographic velocity model, with Vp set to 4.096 km/s and Vp/Vs set to 1.7348. The 
second model incorporated four levels of VTI anisotropy, reflecting prior tomographic information. These layers 
corresponded to the overburden, hard and thick strata, working face, and coal seam floor, with Vp values of 4.00, 
4.49, 3.68, and 4.21 km/s, respectively, and Vp/Vs maintained at 1.7348.

Fig. 4.  Linear regression of observed travel times versus 3-D epicentral distances. The black cross markers 
represent MS events. The slope of the red line is the average P-wave velocity of the coal-rock medium.
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The Green’s function calculations were performed using the QSEIS program by Wang49 and integrated into 
the FOMOSTO software50, developed using the orthonormal propagator method. Before the MT inversion, a 
series of monitoring trace processing workflows were conducted, with comprehensive details provided by Song 
et al.51.

Based on the Grond structural framework43, the L1 norm quantified the misfit between observed and synthetic 
data. BABO involved 100 bootstrap chains across all sampling phases. The uniform sampling phase utilized 1,000 
iterations, with 20,000 iterations performed in the directed sampling phase. Eccentric compensation, based on 
the high-score model, involved reducing the search radius from 2 to 0.5. To ensure comprehensive exploration, 
the best model converged within the standard deviation across all bootstrap chains.

The results from MT inversion, considering both velocity models, are detailed in Table 2. Figure 11 shows 
selected plots derived from MT inversions, illustrating how the velocity model influences solution robustness. 
The fuzzy beachball and MT decomposition panel in Fig.  11 highlight how an accurate VTI velocity model 
enhances MT solution stability, distinctly separating black and white fields. In contrast, neglecting anisotropy 
results in partially flipped P-wave polarity (from −ISO to +ISO) and introduces spurious source components. 
This misjudgment of P-wave polarity is evident in waveform fitting plots in Fig.  11a, particularly affecting 
geophones 5#, 8#, 11#, 15#, 16#, and 18#, due to seismic wave reflection or refraction in anisotropic media. 
Spurious source components include an increase in non-DC components, up to 24.8% ISO and 31.0% CLVD 
components. The Hudson plots in Fig. 11, depicting bootstrap chain results, show broader variability in the 
t − k search range, indicating poor resolution of non-DC components. This observation is further highlighted 
in the bootstrap misfit plots (Fig. 11), where multiple poorly converging bootstrap chain curves (red lines) and 
a higher global misfit value are evident. Evaluation of DC component stability (Table 2) through Kagan angles52 
showed a relatively minor impact from imprecise velocity modelling, with a Kagan angle of 7.3◦.

Fig. 5.  MS event relocation results from 1 November 2020 to 12 December 2020: (a) plane view; (b) lateral 
view; (c) front view; (d) Histogram of root-mean-square (RMS) travel-time residuals of seismic rays. The 
yellow star represents a tremor event on 13 December 2020 with an energy of 2.18 × 106 J. Some labels are 
displayed below (b).
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Discussion
Variability in underground velocity structures and implications
The tomographic analysis revealed distinct patterns in high-velocity (high-V) and low-velocity (low-V) zones 
across different levels, highlighting significant complexity and variability. At the thick and rigid roof level 
(Fig. 7a), a noticeable low-V zone was prominently found near the 93upper12 goaf and its surroundings, while 
a high-V zone was concentrated near the 93upper21 mining face, particularly around faults F356 and F9310-3. 
This suggests that mining activities near the 93upper12 goaf may have compromised roof stability, potentially 
reopening sealed fractures during stable subsidence53. Additional fracturing driven by gravity contributed to 
the formation of these low-V zones. Generally, the formation of a low-V zone results in the redistribution of 
loads that low-V zones must bear in adjacent areas. Geological complexities, including faults, folds, and erosion 
zones, acted as conduits for stress transfer, resulting in localized stress concentrations and the emergence of 
high-V zones54, as illustrated in Fig. 7a. At the 93upper21 mining face level (Fig. 7b), significant variations in 
velocity were observed within the F356 and F9310-3 fault zones, accompanied by a prominent low-V zone. 
These variations likely result from stress concentrations in the roof induced by the activation of faults F356 and 
F9310-3. Additionally, a low-V zone was identified within the interior of the 93upper21 mining face, primarily 
due to expanded goaf areas resulting from ongoing mining operations and the exposure of legacy roadways. This 
obstruction to wave propagation contributed to relatively low-V values in the working face and its immediate 
surroundings55. Conversely, stress concentrations at the working face level, influenced by complex geological 
structures and mining layout, contributed to the formation of significant high-V zones near faults F2 and F3, as 
well as the tail entry tip. The distribution of high-V and low-V zones at the floor level (Fig. 7c) showed relatively 
straightforward patterns, delineated by the stopping position as of December 12 2020.

Mechanism behind strong tremor and hazard control
The stable MT analysis provides a foundational understanding of the mechanism behind a high-energy tremor 
observed in the study area. According to established MT formulations and rupture type criteria56, the event is 
identified as a shear rupture, likely caused by fault stick-slip dynamics. This process involves quasi-stationary 
’sticky’ intervals preceding sudden, rapid movements, during which shear stress accumulates and subsequently 
drops upon abrupt movement, releasing stored strain energy over time. Insights from the radiation pattern 
analysis of the tremor and tomographic results (Fig.  12) provide valuable perspectives on likely initiation 
scenarios and stress distribution characteristics. Prior to the tremor, significant stress concentrations were 
observed at faults F2 and F3, as well as at the tail entry tip. As mining operations progressed into the up-dip 
stage, stress distribution along fault planes became increasingly uneven, particularly impacting areas proximal 
to mining activities where reduced normal stress heightened susceptibility to sliding. Conversely, regions farther 
from active mining areas exhibited concentrated stress in the normal direction57. The presence of voids induced 
by mining operations reduces horizontal constraints, ultimately causing fault instability and expansion.

The tremor event localized at the junction of faults F2 and F3, although the analysis does not definitively 
determine fault slip specifics, posing uncertainties for subsequent hazard mitigation. Comparison of the focal 
mechanism solution (Table 2) with the site’s tectonic map (Fig. 12) revealed a minor 2◦ deviation between the 
125◦ strike of the solved fault plane and the 127◦ strike of the F3 fault, suggesting a dominant right-lateral 
normal faulting along F3. Plausible fault plane parameters include a strike of 125.0◦, dip angle of 63.7◦, and 
slip angle of −113.1◦. Based on the fault slip mechanism58, it is advisable to consider both roof and F3 fault 

Fig. 6.  Trade-off curve: the red-filled circles denote discarded damping parameters, and the yellow-filled circle 
represents the optimal damping factor with a value of 2e−5 used in this study.
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management in subsequent prevention and control measures. Effective hazard control strategies demand 
comprehensive management of both roof stability and fault dynamics. Recommendations include targeted roof 
destress blasting and anchor bolt support aligned with the principal compressive stress axis (P-axis) and tensile 
stress axis (T-axis) orientations (Fig. 12b).

Despite a minor 7.3◦ deviation introduced by neglecting anisotropy in geometric analysis, the presence 
of spurious non-DC components significantly influenced the interpretation of rupture type. Focusing on a 
homogeneous velocity model emphasizing tensile-shear rupture might have inadvertently redirected attention 
to the F3 fault, potentially overlooking critical measures needed for roof stabilization and compromising hazard 
mitigation efforts.

Fig. 7.  Map views of P-wave velocity (Vp) perturbation (dVp, left panels) and absolute Vp (right panels) 
tomography at three depths: (a) 500 m; (b) 550 m; (c) 600 m. The corresponding colour bars are shown below 
the map views. The other labelling is the same as that in Fig. 1.
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The issue of seismic location errors and inversion uncertainties caused by the strong heterogeneity of the 
underground velocity structure has never ceased59,60. While our study has involved using sequential inversion 
to reveal the complexity of source mechanisms in an anisotropic coal mine, the inherent limitations need to be 
acknowledged to guide future work. The deployment of single-component geophones close to the source results 
in the S-wave onset being buried in the P-wave conda, preventing them from being decoupled61. This limitation 
makes it difficult for us to conduct S-wave tomography in this work.

In future research, with improvements in geophone performance and layout, we will integrate S-wave 
data to obtain more effective complex source information. Additionally, waveform-based inversion methods, 
which account for multipathing effects, will replace traveltime-based methods and become key technologies 
for improving the source location and MT inversion accuracy62–65. By combining S-wave data and waveform 
inversion techniques, we can better handle complex subsurface structures and nonlinear source mechanisms, 
further improving the accuracy of source parameters, particularly in near-source areas. This will improve our 
understanding of mining-induced seismicity characteristics and provide more reliable technical support for 
future mining safety and risk assessments.

Conclusions
This study has underscored the pivotal importance of properly accounting for anisotropic effects when 
characterising seismic source mechanisms in mining-induced seismicity. By employing a sequential inversion 
strategy that incorporated a VTI velocity model, we were able to uncover several critical insights.

First, the results revealed that neglecting anisotropy can lead to significant distortions, including flipped 
P-wave polarity and the introduction of spurious non-double-couple components. These artefacts could result 
in the misinterpretation of the initiation mechanism of the seismic event, suggesting that the non-double-couple 
components observed in some cases of mining-induced seismicity may be linked to the failure to account for 

Fig. 8.  Results of a checkerboard resolution test with a horizontal grid interval of 50 m at different depths: (a) 
500 m; (b) 550 m; (c) 600 m. The top, middle, and bottom panels are the input and output models and well-
recovered areas (orange stars), respectively. The Vp perturbation scale (in per cent) is shown in the legend, with 
red and blue dots indicating negative and positive Vp perturbations, respectively.
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Fig. 9.  Results of a restoring resolution test (RRT) at different depths. The left panels show the input model 
derived from the tomographic result (Fig. 7); the right panels show the corresponding output model of the 
RRT. The elevation of each level is shown at the right-upper corner of each panel. The Vp perturbation scale (in 
per cent) is shown at the bottom. The other labelling is the same as that in Fig. 1.
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anisotropic effects. In contrast, the sequential inversion strategy utilising the more accurate VTI velocity model 
was able to significantly reduce errors in retrieving the true source characteristics. The analysis showed that 
the high-energy (2.18×106 J) mining-induced tremor was most likely caused by a normal right-lateral oblique 
movement along the F3 fault, with a strike of 125.0◦, a dip angle of 63.7◦, and a slip angle of −113.1◦.

Ultimately, this study has demonstrated the critical role of anisotropy in the reliable characterisation of 
seismic source mechanisms in mining-induced seismicity. The proposed sequential inversion strategy provides 
a robust framework for incorporating anisotropic effects and enhancing the accuracy of hazard assessment and 
risk management in these complex geological settings. By accounting for anisotropic effects, researchers can gain 
a more precise understanding of the underlying mechanisms driving mining-induced seismicity, enabling the 
development of more effective mitigation strategies and improved safety in mining operations.

Fig. 10.  Homogeneous and vertically transversely isotropic (VTI) anisotropic velocity models: the green and 
blue solid lines show Vp and Vs for the VTI anisotropic model; the green and blue dashed lines represent Vp 
and Vs for the homogeneous model.
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Fig. 11.  Results of Moment tensor (MT) inversion for (a) homogeneous and (b) vertically transversely 
isotropic (VTI) anisotropic velocity models. The fuzzy beachball and MT decomposition, waveforms fitting 
of 18 triggering stations, Hudson plot, and bootstrap misfit results are shown from top to bottom. Fuzzy 
beachball and MT decomposition panel: the fuzzy beachball illustrates the uncertainty of the MT solution; 
the separated resolution of black and white fields in the fuzzy plot indicates the stability of the MT solution. A 
clearer separation corresponds to a more stable solution, and vice versa. The best MT solution is decomposed 
into the isotropic, double-couple, and compensated linear vector dipole (CLVD) components; corresponding 
beachballs are drawn according to the proportion of each component. Waveforms fitting panel: the upper text 
shows the network, station name, and station component; the brown- and red-filled boxes represent the station 
weights and misfits, respectively; the middle beige background is the time window determined by the taper 
function; the central red and grey solid lines represent synthetic and observed traces, respectively; the bottom 
red line shows the trace-amplitude residual for the time domain. Hudson plot panel: the Hudson plot shows 
the source failure type with the ensemble of bootstrap solutions; the red beachball and square marker show 
the global best focal mechanism and fitting solution. Bootstrap misfit plane: all models are sorted according to 
bootstrap-chain misfit values (red lines) and their global misfit value (black line).
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