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Abstract 

The seismic stress inversion method has been developed and used in the field of crustal seismology, but due 
to the technical challenges and lack of a mining-specific application methodology, it has rarely been used for 
the analysis of mining-induced seismicity. The technique is based on assumptions that the stress is uniform 
in the volume of study (less satisfied in mining environments and near geological structures), and slip on any 
fault plane occurs in the direction of maximum resolved shear stress. Currently, there is a variety of seismic 
stress inversion algorithms available which use multiple seismic events to constrain the fault plane solutions 
for determining the four parameters of the stress tensor (orientations of principal stresses and their relative 
magnitude). First motion stress inversion (MOTSI) is a widely used code that uses first motion data in the 
inversion. For a group of events, MOTSI runs a test on two factors; dS and dM. The parameter dS specifies 
rejection of the homogeneous stress hypothesis when it exceeds 2.32 (95% confidence level) and the 
parameter dM defines the similarity between the stress-constrained and unconstrained focal mechanisms 
(dM = 1, represents no change). Events with large deviations from acceptable levels of dS and dM should 
not be used in the stress inversion process. These events are expressed as outliers because there is not 
enough information to infer their relation to the other events. The goal of this paper is to use statistical 
techniques to explore the characteristics of these outlier events. Outliers are of particular interest in this 
case because by indicating non-compliance with the homogeneous stress hypothesis, they may be good 
indicators of zones where there is strong influence of geological structures on the stress field. The seismic 
events for this study are recorded over a period of ten months during the early stages of mining (to satisfy 
the uniform stress assumption) and from a specific area (to have a better coverage of focal sphere) of the 
Nickel Rim South Mine in Sudbury, Canada. 

More than 500 seismic events were manually processed and after removing noise and applying different 
filters, we were able to determine the orientation of the principal stresses through seismic stress inversion 
from the middle level of the mine. The aggregate of the inversions inferred a north–south, northeast–
southwest orientation of the maximum principal stress and near vertical minimum principal stress. 

In each inversion processed, several events were tagged as outliers according to the mentioned criteria. 
Several statistical analyses including mean, standard deviation, variance, t-test, box plot, Kurskal–Walles 
test, and principal component analysis (PCA) were conducted over 10 seismic source parameters (i.e. source 
radius, seismic moment, etc.) to determine the relation between outliers and used data. 
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1 Background 

The following sections provide an overview of the Nickel Rim South Mine layout, mining methods and 
seismic monitoring system set-up. A summary of the seismic stress inversion technique completed with 
data collected from the mid-level mining zone is also summarised. 

doi:10.36487/ACG_rep/1710_21_Abolfazlzadeh

https://doi.org/10.36487/ACG_rep/1710_21_Abolfazlzadeh


Statistical analysis of the outlier events from seismic stress inversion Y Abolfazlzadeh et al. 

270  Underground Mining Technology 2017, Sudbury, Canada 

1.1 Nickel Rim South Mine 

The Nickel Rim South Mine is an underground base metal operation located on the east side of the Sudbury 
Basin, Ontario, Canada. Open stoping is completed on three mining levels, ranging from 1.1 to 1.7 km depth 
below ground surface. Nickel comprises the hanging wall of the orebody, whereas copper comprises the 
footwall, totalling approximately 16 million tonnes of ore reserve. Primary, secondary, and tertiary stope 
sequencing is used, producing 2,000 to 4,000 tonnes per day since 2009. The seismic array has a good aerial 
coverage around both hanging wall and footwall for all levels. The middle level has better seismic 
resolution as it contains seven triaxial geophones and 11 uniaxial accelerometers (Jalbout & Simser 2014). 
Two shafts allow access to three main stoping levels, located at the 1,280 m level for the nickel deposit, 
1,480 m level for nickel and copper transition zone and 1,660 m level for copper (Figure 1). 

 

Figure 1 Three main stoping levels (looking north) and seismic events in 2011 

1.2 Stress field characterisation using seismic stress inversion 

Abolfazlzadeh and McKinnon (2017) used MOTSI (Abers & Gephart 2001) to analyse first motion data in the 
stress inversion process, and to estimate regional in situ stresses for the Nickel Rim South Mine. The MOTSI 
code generates a stress tensor by taking in the first motion polarity of seismic events. Clusters of seismic 
event data collected over a period of seven months during the early mining stages and with double couple 
component more than 50% were initially analysed to develop and refine the seismic inversion process. 

MOTSI uses a statistic, denoted dS, to test for heterogeneity within a population of data. Events within a 
population are rejected where values of dS exceed 2.32 (95% confidence level) and the homogeneity 
stress hypothesis fails. A second statistic is employed, denoted dM, which represents the similarity 
between constrained and unconstrained focal mechanisms (a dM value of one represents no change 
between mechanisms). 
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The software then employs two parameters, α and γ, to constrain the volume of events with high 
confidence. These parameters describe the probability of the first motion pick being correct (Abers & 
Gephart 2001). The theoretical P-wave amplitude is represented by α. Picks below this value indicate those 
of decreased reliability. The estimate of the probability of a first motion P-wave pick being incorrect is 
approximated by the parameter γ. The parameters may be fixed at values of 0.1 and 0.2, respectively, to 
accommodate noisy data populations within a constrained volume.  

For individual clusters of events, MOTSI can be used to estimate the spatial variations in stress conditions. 
This helps in dividing the seismically-active, three-dimensional volume into more manageable volumes. 
Stresses within these volumes are approximately constant and of lower stress gradient. Naturally, error is 
introduced when the size of the volume is increased, as the number of events per cluster is increased, 
which is observed as a spatial gradient of poor resolution. A decrease in data resolution within a particular 
volume relaxes the assumption of constant stress, which ultimately affects the results of an inversion.  

Selecting a cluster of events is influenced by both the event rate and the time period over which the events 
occur. A mine that experiences high seismic activity will have a relatively high event count in a short time 
period. This is an ideal case, in that it represents a sufficient dataset for spatial discretisation, thus allowing 
a reliable stress inversion. Conversely, if seismic activity is infrequent or inconsistent, seismic events must 
be collected over a longer period to build a sufficient data population. Collecting less frequent seismic 
events over a longer time period tends to affect the reliability of a stress inversion, as it is possible that the 
volume of interest may experience changes in the induced stress field from progressive mining activity.  

An ideal cluster of data will initially have moderate seismic activity with minimal stress gradient, followed 
by subsequent changes in the stress field as mining progresses. When the progression of mining is 
established, the data for the same volume may be examined over incremental time periods. This allows the 
determination of the sensitivity of the MOTSI inversion to the relaxation of stresses caused by 
mining-induced changes in stress field magnitude and orientation.  

Data clusters were selected from the early stages of mining, well-contained within the system of uniaxial 
and triaxial sensors of the monitoring system. The clusters were also selected away from geological 
structures to avoid potential influence in stress change from mining or fault slip movement (Abolfazlzadeh 
& McKinnon 2017). More than 500 events over a period of seven months (February to September 2011) 
were analysed in several clusters using MOTSI.  

The results of the stress inversion show that the analysed clusters of data from the initial mining stages are 
in reasonable agreement with the pre-mining stress estimates obtained from overcoring and borehole 
breakout observations (Figure 2).  

 

Figure 2 Orientation of major principal stresses obtained based on overcoring data from the test on 

1480 level in: (a) 2006; and, (b) 2008 (Turichshev & Brummer 2008). (c) rose diagram for 

orientations of the borehole breakouts in 2016 (image courtesy of NRS) (Abolfazlzadeh & 

McKinnon 2017) 
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The compiled results of the seismic stress inversion over the mid-level mining zone implies an overall 
north–south, northeast–southwest major principal stress, σ1, orientation. The orientation of the minor 
principal stress, σ3, had an east–west trend with a plunge near vertical (Figure 3). Effects of localised 
mining-induced stresses were not removed from the results, and thus do not reflect the pre-mining state of 
stress required for the specification of numerical stress analysis boundary conditions.  

 

Figure 3 Location of the seismic events (purple circles), selected clusters (orange ellipsoids), final layout 

of the sublevel open stoping (blue rectangles), the extracted stopes (yellow rectangles), MOTSI 

inversion results (red arrows show σ1 orientation) (Abolfazlzadeh & McKinnon 2017) 

Manual selection of the data points significantly improved the identification and rejection of data points, 
resulting from the noisy acoustic environment of the mine activity, and the lack of automated event 
recording, detecting true first arrival polarities. Altering the size of the volume, the length of the time 
period, as well as the constant stress assumption largely influences the inversion result as larger volumes 
show high values of dS. 

The seismic events that exhibited large deviations from the acceptable levels of dS and dM were not used 
in the stress inversion process, and thus were excluded from the analysis. Statistical techniques were 
employed to assess any additional characteristics of the seismic events that would contribute to the 
generation of outlier data. The methodology and results of the statistical analysis are described in the 
following sections. 
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2 Methodology 

For various types of statistical analyses, it is necessary to have a sufficient number of samples. The time 
interval used for the stress inversions by Abolfazlzadeh and McKinnon (2017) was therefore extended by 
three months, resulting in an expanded time interval from February to mid-December 2011. Additional 
events were predominantly located in the upper right region of the middle level (Figure 4) and the stress 
inversion result was identical to the previous months. The outlier seismic events over the total period of 
ten months were examined through statistical analysis, to explore any potential trends in the additional 
source parameter data, the results of which are described in Section 3. 

The outlier seismic events were examined relative to the events from the same time period that were 
included in the stress inversions in two steps. The first step included all events – both used and outlier – 
over the entire time period, and the second step assessed the events over two distinguished event clusters 
(B and G in Figure 4) to consider the effect of mining location. 

 

Figure 4 Middle level seismic events (purple circles), clusters assessed (B and G), final layout of the sublevel 

open stoping (blue rectangles), and the extracted stopes (yellow rectangles), looking north 

The source parameters examined for each event include seismic moment, seismic energy, Es/Ep, source 
radius, asperity radius, static stress drop, apparent stress, dynamic stress drop, peak particle velocity (PPV), 
and peak particle acceleration (PPA). The locations of outlier and used events within each previously 
identified cluster were also closely examined. The Statistical Package for the Social Science (SPSS) software 
suite was employed in the statistical analysis. Descriptive statistics, including the mean, minimum, 
maximum, standard deviation and variance were determined for source parameters of each seismic event, 
to quantitatively describe the population of used and outlier data. Box plots were produced as a visual 
depiction for the 25th percentile (first quartile), median, and 75th percentile (third quartile), for each source 
parameter. Box plots are useful for comparing multiple distributions of variables (in this case, source 
parameters), as well as identifying any outliers within a population of data. The box plots were arranged to 
compare used events against outlier events, for each source parameter. 
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The t-test was used as it evaluates the statistical significance between two sets of data, through a 
hypothesis test, and is determined by the magnitude of the difference between the mean values of the two 
datasets. Outlier events were tested relative to the used events, within each cluster of seismic events. 

The final statistical analysis employed was the PCA. PCA is a technique that reduces a relatively large 
dataset to a set of components or factors. This reduction allows the interpretation of a large population of 
data in a smaller and possibly more meaningful way. Seismic events, both outliers and those used in the 
stress inversion, were analysed by data cluster. 

3 Results 

The results of descriptive analysis showed very small differences in minimum, maximum, mean, standard 
deviation and variance for all parameters associated with the outlier and used events in both clusters, 
implying that the used and outlier events are very similar (Figure 5). 

 

(a) 

 

(b) 

Figure 5 Descriptive analysis of used events for 10 parameters (a); descriptive analysis of outliers for 

10 parameters (b) 

The results of the box plot analysis of all events (Table 1) shows that the outliers have higher first quartiles in 
seismic moment, energy, Es/Ep, and source radius. And used events have a higher 3rd quartile in energy, 
asperity radios, and apparent stress. Among all parameters, it seems used events have a higher asperity 
radius, as they have higher quartiles than outliers. However, the source radius in the outliers is showing 
higher values in all quartiles. Peak particle acceleration also exhibited a higher median value in all groups in 
used events. Higher 3rd quartile source radius and median in seismic moment in all groups belong to outliers.  
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Table 1 Representation of box plot results of different groups with their highest quartile and their parameters 

Parameter Used Outlier 

1st quartile Median 3rd quartile 1st quartile Median 3rd quartile 

Log of seismic moment    All, B, G All, B, G  

Log of energy   All, B, G All, B, G   

Es/Ep    All, B, G   

Source radius    All, B, G All, B, G All, B, G 

Log of asperity radius All, B, G All, B, G All, B, G    

Log of apparent stress   All, B, G    

Log of PPA  All, B, G     

In the t-test, the null hypothesis is that the variances of the two groups are approximately equal (similar 
distribution of competency scores). The level of significance was set to 0.05. The results of the t-test over 
all groups showed that the source radius and the asperity radius have values less than 0.05, indicating the 
variances of the used and outliers are significantly different or the used and outlier groups are not similar 
(Figure 6). But the results of the t-test on B and G groups showed that none of the parameters (in both used 
and outlier datasets) had a value less than 0.05. This implies that the variances of the used and outliers are 
not significantly different or the used and outlier groups are similar. A verification using the Kruskal–Wallis 
test also resulted in the same outcomes as t-test for groups B and G. 

 

Figure 6 T-test results of used versus outliers for all events 
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The PCA results showed up to three components in used and two components in outliers. For a more 
detailed assessment in the difference between used and outliers, the first and second components of used 
and outliers in each group were compared in sequence, with the intention of finding which parameter had 
less correlation in each component. The PCA results for all events are shown in Figure 7, where component 
one in the used events is very similar to the component one of outliers, with a high correlation of 
parameters, except Es/Ep. Resemblance of components can also be observed in the second component, 
where there is a high correlation of Es/Ep. This pattern was identical in groups B and G. 

  

(a) (b) 

Figure 7 Comparison of the PCA results of used (a); and outliers (b) for all events 

4 Conclusions 

The MOTSI stress inversion software identifies events suitable for inclusion in the inversion process (used 
events) and those that are not (outliers). Several statistical analyses have been carried out on the source 
parameters of used and outlier events to determine if there are additional criteria that could be used to 
identify events unsuitable for the inversion process. The collective results show that the two groups of 
events are fundamentally similar. There exists some evidence demonstrating that the outliers of all events 
from the middle level of the Nickel Rim South Mine have higher seismic moment, energy, source radius, 
and Es/Ep in their first quartiles, while used events have a higher 3rd quartile in energy, asperity radius, and 
apparent stress. It seems the source radius and the asperity radius are the parameters, which can be used 
to differentiate between the used and outliers as they have higher values in all quartiles in the used versus 
outlier events for all groups and also the t-test showed that the variances of these parameters are 
significantly different in the used and outlier events. The observed trend does not consistently extend to 
the two event clusters above and below the mid-level mining area. This implies that the results are 
influenced by the cluster location. 

Plotting the location of outlier events revealed that there is no specific location in the mine where these 
outlier events originate. Similar to the used event data, the outliers are scattered chaotically throughout 
the data cluster (typical nature of seismic events). The dS and dM parameters within the MOTSI software 
remain as the most effective determinants of outlier events, which must be removed from the stress 
inversion process. 
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