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Abstract

Mining-induced seismic events greatly threaten safety of underground workers and studying major seismic events would
help mitigate hazards in deep mines. Characterizing the aftershock sequence of major events can contribute to developing
a reentry protocol after major events occur at mines. This study uses two major events and their aftershock sequences at
Creighton Mine to investigate properties of aftershock sequences focusing on the magnitude of completeness and aftershock
decay pattern. Two major events with moment magnitude 3.1 and 1.4 are analyzed, respectively, and their aftershock sequence
are examined in this study. The optimal magnitude of completeness is rigorously determined by evaluating the goodness of
fit using the maximum likelihood method. Then, parameters of aftershock decay using the MOL are estimated. We identify
that the p-value of the two studied events is slightly larger than 0.8. This parametrization process using the MOL can assist in
better understanding aftershock sequences of mining-induced major events and therefore mitigating seismic hazards in min-
ing by potentially helping establish a reentry protocol based on the seismicity dropping below a certain rate. For establishing
a reentry protocol, the study of the two events can be considered as a methodological work and a future statistical work for
many events with different magnitudes and locations to establish the range of the MOL parameters is needed.

Keywords Mining-induced seismicity - Rock bursts - Aftershock decay - The MOL

Edited by Prof. Savka Dineva (CO-EDITOR-IN-CHIEF).

M Xu Ma
xuma@vt.edu

State Key Laboratory of Earthquake Dynamics, Institute
of Geology, China Earthquake Administration, Beijing,
China

Department of Mining and Minerals Engineering, Virginia
Tech, Blacksburg, VA 24060, USA

3 Crei ghton Mine, Vale Canada Limited, Sudbury, ON, Canada

School of Resources and Safety Engineering, Chongqing
University, Chongging, China

School of Emergency Management and Safety Engineering,
China University of Mining and Technology (Beijing),
Beijing, China

@ Springer


http://orcid.org/0000-0002-3071-6187
http://crossmark.crossref.org/dialog/?doi=10.1007/s11600-022-00770-2&domain=pdf

1242

Acta Geophysica (2022) 70:1241-1252

Graphical abstract
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Introduction

Mining operations are conducted at great depths and will
continue even deeper excavations in the long term to meet
the increasing demand of mineral resources. Stress per-
turbations caused by mining operations, associated with
great depths and geological structures such as faults and
joints, inevitably lead to the mining-induced seismic events
with high magnitude that are harmful for mining safety
(Young and Maxwell 1992; Urbancic et al. 1993; Goebel
et al. 2013; Ma et al. 2016; Xu and Cai 2017). To miti-
gate seismic hazards in mining, seismic monitoring tech-
nology has been widely used in mines in the last decade
(Luxbacher et al. 2008; Hudyma and Potvin 2010; Brown
and Hudyma 2017a). Microseismic monitoring has been
making a difference in the mining industry by helping min-
ing-industry workers prepare and keep them alerted about
mining-induced seismicity and the threats the seismicity
poses (Brady and Brown 2007; Brady and Leighton 1977,
Beck and Brady 2002). The number of incidents from major
events (rock bursts) can be limited and prevented so that
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losses from casualty and damaged equipment would be less-
ened (Bogucki et al. 2016).

Previous studies applied techniques and theories from
seismology, such as seismic imaging, moment tensor, and
b-value examination, in mining-induced seismicity and have
resulted in a better understanding of mining-induced seis-
micity (Luxbacher et al. 2008; Barton and Pandey 2011; Ma
et al. 2016; Brown and Hudyma 2017b). With this knowl-
edge, early warning systems have been developed for alert-
ing major events. In crustal earthquake studies, magnitude
distribution based on the Gutenberg—Richter law and the
MOL was further developed for characterizing aftershock
using a stochastic model (Utsu 1961; Kisslinger and Jones
1991; Utsu et al. 1995). The MOL model has been widely
used in crustal earthquakes and induced seismicity of oil gas
fields to estimate the decay pattern of seismicity rate, post
seismic events productivity, and other temporal-spatial inter-
plays between seismic events (Llenos and Michael 2013).
Using the Gutenberg—Richter law and the MOL, some
studies developed reentry protocols and the guidelines for
reentry protocols applicable to the mines located in Ontario,
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Canada were justified (Vallejos and McKinnon 2009; Valle-
jos and McKinnon 2011; Tierney and Morkel 2017; Vallejos
and Estay 2018). The successful reentry protocols can mini-
mize the period of exclusion from entering mining regions
while maximizing the inclusion of high magnitude events
within the exclusion period (Tierney and Morkel 2017).
Vallejos and McKinnon (2011) suggested a method of using
an approximately constant level to quantify the background
levels of seismicity rate. The method of establishing a reen-
try protocol on the basis of source parameters, including
static/dynamic stress drop and apparent stress variation, was
also proposed (Disley 2014).

Aftershock in order to improve the knowledge of mining-
induced seismic events, seismic monitoring systems have
been widely used in underground mining. The quantification
and characterization of seismic events can assist in under-
standing the mechanism of inducing seismic events and miti-
gating seismic hazards in underground mines. Aftershock
decay plays an important role in examining and estimating
the potential of seismic hazards threating mining safety
(Omi et al. 2013). The background for this study is that the
aftershock decay following the occurrence of major events
is crucial for developing a reentry protocol for mines. The
MOL model is applied in this work to examine aftershock
decay and rock mass behavior related to two major events.
The application of aftershock decay in mining-induced seis-
micity can illuminate the aftershock decay following major
events. This research aims to investigate aftershock decay at
a hard-rock underground mine, thereby mitigating seismic
hazards and improving safety of deep hard-rock underground
mines by setting up reentry protocol. Because mines have
worked to establish a reentry protocol based on seismicity
dropping below a certain rate of seismic events, this study
could be used to help establish the reentry protocol, and
to specifically provide an earlier estimate of the safety cri-
teria to reenter underground in terms of elapsed time after
major events by using the threshold seismicity rate such as
N events per hour.

Data and methods

It has been found that regional catalogs of earthquakes
obey the Gutenberg—Richter law (Gutenberg and Rich-
ter 1944; Wesnousky 1994). The Gutenberg—Richter law
depicts that seismicity magnitudes distribute as an expo-
nential relation with the number of seismicity (Gutenberg
and Richter 1944). The magnitude frequency distribution,
described by the Gutenberg—Richter law, is an empiri-
cal analysis method. It is a fundamental law in seismic
hazard analysis and can indicate a relatively sensory pro-
cess associated with seismic events of all magnitudes

(Wesnousky 1994). The Omori law was initially proposed
by Omori (1894). It is empirically determined as well and
states that the rate of aftershocks decays as a power law
with lapsed time (Shaw 1993). The modified form of the
original Omori law is called the MOL, which incorporates
other variables so that it can better applied to aftershock
sequences (Utsu and Ogata 1995). The MOL can reliably
describe the temporal variation of aftershock activities in
terms of time-predictable patterns (Parsons 2002). The
MOL model is able to assist in clarifying the correlation
between stress transfer and seismicity rates (Kagan 2011).
It has been widely used in seismic hazard assessment and
seismicity forecast in recent years. Additionally, modifica-
tions based on the Omori law were proposed to analyze
induced seismicity (Ouillon and Sornette 2005; Elisabeth
2011). The study assesses the uncertainties of the parame-
ters in MOL and their posterior dependencies with respect
to the observed aftershock sequences, and identified the
trade-off between the ¢ and p-value estimates (Holschnei-
der et al. 2012). The MOL parameters depend on MOL
time-dependent background rate, anisotropic aftershock
triggering, temporally varying parameters, and finite dura-
tion of aftershock triggering. MOL parameters should be
estimates for mining-induced seismicity to better serve the
seismic hazard mitigation efforts in mines. We investigate
the MOL parameters using seismicity sequences from the
mining industry and evaluate the potential of using the
MOL model as a tool for mining safety in terms of mining-
induced seismicity. Additionally, due to the fact that the
magnitude of completeness M., (the cutoff magnitude) sig-
nificantly affects the estimate of parameters, we introduce
here how to apply a rigorous method for determining the
optimal magnitude of completeness M, (the cutoff magni-
tude) for a mining-induced seismicity sequence.

Site description

This study investigates mining-induced seismicity sequences
of Creighton Mine, a deep nickel mine that is located near
Sudbury, Ontario in Canada. We analyze the seismicity
using the Gutenberg—Richter law with estimating the optimal
completeness of magnitude and the MOL model. Details of
the geological environment and structures of Creighton Mine
have been described in previous studies (Malek et al. 2008;
Ma et al. 2016). Considerable subsurface seismic occur-
rences with mining activity have been triggered by dynamic
stress change along geological structures at Creighton Mine.
A seismic monitoring network is located in Creighton Mine
and it effectively monitors and records seismicity with high
accuracy, providing a good basis for post analysis using geo-
physical tools.
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Seismic monitoring system

The seismic monitoring networks at Creighton Mine are
developed by ESG solutions and include a microseismic
monitoring system and a ground motion system. The micro-
seismic monitoring system is responsible for recording seis-
mic events with small moment magnitudes from —3 to+ 1.
The microseismic monitoring system consists of triaxial sen-
sors and uniaxial sensors for the best balance of function and
cost. The triaxial sensors are capable of measuring three
directions and can monitor seismicity with recording wave-
forms that contain the information of source parameters,
including magnitude, energy, source radius, and apparent
stresses. The high accuracy and robust functions come at a
price that triaxial sensors are more expensive than uniaxial
sensors. In contrast, uniaxial sensors are installed in greater
density for better localization and the magnitude estimation
of seismic events. The microseismic monitoring system at
the time of this study consists of 10 triaxial sensors and 52
uniaxial sensors to optimize the cost and performance of this
system. The triaxial sensors are able to monitor a frequency
range of 3—-8000 Hz with sensitivity of 0.3 and 0.5 V/g.
The uniaxial sensors can record in the frequency range of
500-5000 Hz with a sensitivity of 30 V/g. All sensors in this
system together form a 104-channel mine-wide underground
array. The depth distribution of sensors of the microseismic
monitoring system roughly ranges from 1500 to 2400 m to
guarantee a full coverage on the rock masses adjacent to
main production elevations. Additionally, the ground motion
system (Paladin system) is equipped to capture major events
(high-magnitude seismic events) that are beyond the moni-
toring range of the microseismic monitoring system. In the
ground motion system, three triaxial 4.5 Hz geophones are
placed on the ground surface above the mine with a 24-bit
data acquisition and recording system.

The association of these two systems ensures a coverage
on a full magnitude range of all possible seismic events. The
spatial distribution of sensors of the microseismic monitor-
ing system is shown in Fig. 1. All microseismic data used
in this study is from the events recorded by this seismic
network.

Major events and aftershock sequence analysis

In our study, we investigate aftershock decay following
major events and estimate the modified Omori model with
determining the optimal magnitude of completeness M, and
the parameters change of the MOL model depending on M.,

As aresult of mining operations and geological structures
such as joints and faults, Creighton Mine experienced very
active seismicity during 2011. The seismicity catalog con-
tains all seismic events in the whole mine. Two major events,
which were both fault-slip type, were captured on July 6
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and July 10, 2011. According to the cumulative and daily
seismicity count, it is shown that seismicity accumulated
around these two days and there was fast decay after the
major events (Fig. 2). It is generally known that the after-
shock volume depends on the magnitude of major events.
According to comparing the magnitude and the aftershock
volume of the two major events of Creighton Mine, we found
that the magnitude and the aftershock volume is positively
correlated (Fig. 2). The temporal distribution of seismicity at
Creighton Mine within a long period of time for 7 months is
shown in Fig. 2a. For better illustrating the major events and
microseismicity, a short period of time for 60 days is plotted
in Fig. 2b. The background seismicity rate of this seismicity
sequence in Creighton Mine is 20 events per hour. We used
this background seismicity rate as a criteria to define the end
of the aftershock series. The number of aftershocks of Major
Event 1 is 3048 and the moment magnitude ranges from
—2.15 to 0.8. For Major Event 2, the number of aftershocks
is 2126 and the moment magnitude ranges from — 2 to 0.75.

For naturally occurring crustal earthquakes, the sequences
usually stabilize in a certain duration of time and seismic-
ity rates can abruptly increase around major earthquakes
(Helmstetter and Sornette 2002). This accelerated seismicity
is an important signature for forecasting large earthquakes.
Similarly, sudden accumulation of induced seismicity can
reflect the potential of the major-events occurrence in mines.

The frequency-magnitude distribution of seismicity is
summarized by the Gutenberg—Richter law (Klein et al.
2006). The temporal distribution of magnitude and cumula-
tive seismic moment of seismic events was analyzed and is
plotted in Fig. 3. It is shown that the two days with major
events experienced the largest cuamulative seismic moment
increase. Note that in order to avoid the influence on quan-
tifying the cumulative seismic moment from the large mag-
nitude of major events, the cumulative seismic moment
calculation only included the microseismic events and
ruled out the seismic moment of the two major events. The
temporal, spatial, and magnitude information of the major
events is listed in Table 1. According to the temporal distri-
bution of Major Event 1 and Major Event 2, two seismicity
sequences were compiled. The spatial distribution of post-
event sequences of the major events is shown in Fig. 1. The
aftershock sequence and its corresponding major event is
plotted with a similar color. Since the magnitude of Major
Event 1 is higher than Major Event 2, the microseismicity
count of aftershock sequence of Major Event 1 is larger than
that of Major Event 2. Before fitting the MOL model to the
mining-induced seismicity of Creighton Mine, we first esti-
mate the completeness of magnitude Mc for each aftershock
sequence based on Gutenberg—Richter law and the method
developed by Wiemer (1997) to find the optimal Mc. Then
we apply the completeness of magnitude of each aftershock
sequence to model the aftershock decay.
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Fig.1 a The 3D view, b the top view, and c the lateral view of the distr:
and their aftershock sequences at Creighton Mine

An important empirical observation on seismic events is
the Gutenberg—Richter law, which interprets the proportional
relationship between the magnitude M and the cumulative
number of seismic events with magnitude larger than M:

logN =a - bM, (H

where N is the cumulative number of events with magni-
tude equal to or greater than M; M is the completeness of
magnitude; a and b are empirical constants. The b-value is
the slope of linear fitting of frequency-magnitude relation-
ship. For natural earthquakes, it is proved that b-value of the

ibution of the seismic monitoring system, Major Event 1, Major Event 2,

frequency-magnitude relationship of earthquakes is inversely
proportional to stress (Wiemer and Wyss 1997). Previous
studies found that b-values are in the range of 0.8 <b< 1.2
and vary around 1.0 because of the heterogeneity and differ-
ent stress conditions (Wiemer and Wyss 1997; Wesnousky
1999; Shcherbakov et al. 2004). The a values are the inter-
cept of linear regression of frequency-magnitude and there
is no physical mechanisms for a values. The temporal decay
of aftershock activity is well defined by the MOL (Utsu and
Seki 1954). The applicability of the MOL in mining-induced
seismicity has been proven (Vallejos and McKinnon 2010,
2011).
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Fig.2 Cumulative number of seismicity denoted by the line plot and
seismicity rate per day denoted by the bar plot during a the exten-
sive period of time (7 months) and b the target period of time (high-
lighted part in a) including two major events. The moment magni-
tude of Major Event 1 was 3.1 and Major Event 2 was with a smaller
moment magnitude 1.4. Information about these two events is shown
in Table 1

The MOL law was developed based on the Omori—Utsu
aftershock decay formula in order to estimate the after-
shock rate as a function of time in the temporal model
(Utsu and Ogata 1995). In addition, it can be expanded
as a function of combining time and space to be used in
the spatial-temporal model. The Omori—Utsu formula
describes the rate of aftershocks as:

dN K

r=n=g = @)

where N is the cumulative number of seismic events in a
specified region and time window, r = dN/dt is the rate
of occurrence of aftershock, ¢ is the time elapsed since
the event, and p is the rate of decay. K and c¢ are empiri-
cal parameters. The meaning of these parameters is inter-
preted in following parts. The MOL manifests the temporal
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correlations in aftershock sequences, which suggest the
relaxation processes after the mainshock. The model was
developed as a natural generalization of the Omori—Utsu
formula, based on the hypothesis that any seismicity con-
tributes to its own aftershocks; the number of aftershocks is
attributed to the magnitude of the parent earthquake (Bath
1965).

The selection of magnitude of completeness M, (cut-
off magnitude) is crucial for the regression analysis using
Gutenberg—Richter relationship and the aftershock decay.
Several studies pointed out that an overestimate of M_
as a larger threshold results in the change of aftershock
decay models (Zhuang et al. 2019; Wang and Manga 2010;
Schoenberg 2013). An underestimate of the magnitude
of completeness M, on the other hand, leads to incom-
plete aftershock sequences. This underestimate eventu-
ally biases the estimates of the productivity parameters
because of the forfeit of a part of seismicity. Accordingly,
choosing the optimal magnitude of completeness M, rather
than an overestimate or underestimate of the magnitude of
completeness is a key initial step for following parameter
estimate in mining-induced seismicity sequences.

Therefore, in this study, the magnitude of completeness
M (cutoff magnitude) of the aftershock sequence is rigor-
ously estimated using the maximum likelihood method
(Shi and Bolt 1982, Ma 2016). We first calculate the b- and
a-values of the G-R relationship with M > M;. M; means
the picked magnitude for the corresponding b- and a-val-
ues. A magnitude bin of 0.1 is used to thoroughly examine
all possible magnitude of completeness from —2.5 to 0.8.
A synthetic distribution is formed across a series of mag-
nitude value and then the absolute difference between the
observed and synthetic distribution in each magnitude bin
is calculated to examine the goodness of fit. The detailed
methodology of choosing the optimal magnitude of com-
pleteness is interpreted in a previous study (Ma 2016):

Z%i"m B, -S|
2 B;

R(a,b,M;) = 100 — x 100 |, 3)

where B, is the observed cumulative number of events and
S; is the synthetic number of events in each magnitude bin.
After determining the optimal magnitude of completeness,
the aftershock decay modeling using the MOL is performed.

Since the values of parameters in the MOL analysis
correspond to different seismicity sequences, the values
of parameters k, p, and c are empirically determined (Utsu
and Ogata 1995). It is assumed that a non-stationary Pois-
son process that N aftershocks occur at time ¢; (i=1, 2, ...,
N) from the start time 7 and the end time T, with intensity
m(t) =n(t), as shown in Eq. 4. The likelihood function is
given as follows:
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L N d eter. The dependence of p was investigated and it was found
- H m(1;) pexp—y= [ m(dif. @) that the exponent p increases as a function of the magnitude
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T,

We used the maximum likelihood method to estimate the
values of k, p, and c. By maximizing the likelihood func-
tion /nL, it is requested that dlnL/0K =0, dinL/dp =0, and
dInL/oc =0, then Egs. 5, 6, and 7 can be obtained. We deter-
mined the values of p, ¢ and k by solving Egs. 5, 6, and 7,
which were originally from Eq. 2:

—p+1

In (7, +¢)(T, +¢) "

il Cea N In (T, +¢)(T, +c) _
;hl(i*- ) p—1 N (TS+C)_p+1 _ (Tg +C)—P+l 0.
Q)]
Y1 Ne-D{(T,+¢)" = (T,+¢)"} 0
P - =Y
Pl (Ts+c)_erl - (Te+c)_p+1
(6)
- Np - 1)
- —p+l @)

(T, + c)_er1 —(T,+¢)

of major events. The physical interpretation of p is explained
in that there is a faster decay rate following a major event
than with a smaller magnitude.

Results and discussion
Magnitude distribution of two aftershock sequences

By estimating the goodness of fit for the magnitude dis-
tribution of two aftershock sequences using the maximum
likelihood method, we obtain the optimal magnitude of
completeness of — 1.5 for aftershock sequence of Major
Event 1 and of — 1.6 for aftershock sequence of Major
Event 2. Figure 4 exhibits how the goodness of fit changes
along with the moment magnitude for aftershock sequence
of Major Event 1 and Major Event 2, respectively. We
apply the optimal magnitude of completeness as a thresh-
old to determine the effective seismicity and perform

@ Springer
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Fig.4 The evaluation method for picking the optimal magnitude
of completeness for aftershock sequence of a Major Event 1 and
b Major Event 2 based on the goodness of fit using the maximum
likelihood method

the linear regression using G-R law (Fig. 5). As shown
in Fig. 5b, only the microseismicity with a magnitude
higher than — 1.5 are allowed to for the use in the lin-
ear regression of G—R law for the aftershock sequence of
Major Event 1. Similarly, the magnitude of completeness
of — 1.6 is applied for the aftershock sequence of Major
Event 2 (Fig. 5d).

Additionally, we visualize and illustrate the seismicity
distribution versus the moment magnitude (Fig. 5a, c) to
ensure that the significant part of the microseismicity is eli-
gible with the cutoff magnitude (magnitude of complete-
ness). The visualization of magnitude distribution validates
that the analysis can take advantage of as much as possible
information from the seismicity data in addition to meeting
the criteria of the magnitude of completeness.

By performing the linear regression based on the number
of seismic events and the magnitude, we compute and find
that the b-value for aftershock sequence of Major Event 1 is
1.31 and the b-value for aftershock sequence of Major Event
2 is 1.50. It is generally known that the average b-value is
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about 1.0. High b values are generally associated with earth-
quake swarm activities. We compare the observed seismicity
count and the synthetic seismicity count using fitted b-value
and a-value. As shown in Fig. 6, the observed seismicity
number and the synthetic seismicity number agree well from
the magnitude of completeness. Schorlemmer and Wiemer
(2005) expected that seismic b-value is an indicator of stress
and is positively proportional to the deviatoric stress of
6,—05. Therefore, it can be inferred that the deviatoric stress
immediately after the major events can maintain at a high
level within a short period time (approximate 3—4 days). In
addition, their study found that high b-values are correlated
with the fault-slip type events. Although it has been deter-
mined by the ground motion monitoring system that these
two major events in this study are the fault-slip type, the
characteristic of high b-values verified again from the other
perspective that these major events are the fault-slip type.

Aftershock decay

The decay patterns of aftershock sequences are investigated
by applying the MOL with the eligible cumulative number
of seismic events in the aftershock sequences. We estab-
lish the decay model based on the MOL and compare the
predicted decay with the observed decay (practical decay)
processes. The study of the aftershock decay can assist in
understanding rock mass behavior such as stress relaxation
in the aftershock decay process. Figure 7a and 7b demon-
strates the modeling fit results for the aftershock of Major
Event 1 and Major Event 2 at Creighton Mine. Our work
shows that, as the aftershocks decay over time, the accumu-
lating rate of seismic events decreases.

We estimate the parameters p, ¢, and K in the MOL, the
accuracy of which is ensured because there are thousands
of aftershocks for each magnitude interval on the premise of
selecting the optimal magnitude of completeness. The after-
shock sequences show that aftershock decay has the highest
rate in the first 0.5 days. The period used for the modeling
fit is around three days after each major event. The modeled
cumulative aftershock decay with time closely agrees with
the distribution of the observed cumulative number of after-
shocks, especially during the early stage of the decay process
(i.e., within the first day). The discrepancy between the fit-
ted model and the observed cumulative numbers primar-
ily appears during the middle temporal section in the decay
process (Fig. 7a, b). The fitted model and the real cumulative
numbers eventually match near the end of the decay process,
when the seismicity rate decreases to 20 events/hour.

The MOL manifests the temporal correlations in after-
shock sequences, suggesting the relaxation process after
major events (Shcherbakov et al. 2005). During the occur-
rence of major events, the stress and the strain are enhanced
in some regions neighboring the geological structures where
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Fig. 5 Magnitude distribution of aftershock sequence of Major Event
1 and Major Event 2. a The number of seismicity versus magnitude
for the aftershock sequence of Major Event 1; b Gutenberg—Richter
recurrence relationship fitting for aftershock sequence of Major Event
1 and the magnitude of completeness of this aftershock sequence is

major events are located. The stress relaxation is associated
with the occurrence of aftershock. Aftershock activities
assist to relieve the stress concentration arising from major
events. All aftershock activities contribute to the reduction
in the regional stress as a function of the magnitude of after-
shock (Shcherbakov et al. 2005).

Utsu (1961) estimated p and ¢ using 51 aftershock
sequences and proposed that the p values ranged from 0.9
to 1.8. The most frequent values fell in the range from 1.1
to 1.4 (Utsu 1961). Previous studies demonstrated that the
average p value ranges from 0.9 to 1.2 for major events with
magnitudes ranging from 5 to 7.5 (Ouillon and Sornette
2005). By extending the MOL in mining-induced seismic-
ity, it was measured that p is 0.4 for the aftershock sequence
that occurred at Creighton Mine between October 1997 and
March 1998 (Marsan et al. 1999). Hence it is inferred that
during this time the aftershock decay in Creighton Mine was
relatively slow. A p> 1.0 value indicates that the after-slip
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—1.5; ¢ The number of seismicity versus magnitude for the after-
shock sequence of Major Event 2; d Gutenberg—Richter recurrence
relationship fitting for aftershock sequence of Major Event 2 and the
magnitude of completeness of this aftershock sequence is — 1.6

mechanism dominates the mainshock. A significantly
smaller p value than 1.0 shows a slow decay and implies a
viscoelastic relaxation mechanism following the mainshock
(Morikami and Mitsui 2020). The aftershock decay pattern
of the two major events in the 2011 timeframe is investi-
gated to determine these related parameters. The predicted
decay is compared with the observed decay to evaluate the
applicability of the MOL to mining-induced seismicity at a
deep hard-rock mine.

By investigating the aftershock sequences of Creighton
Mine, the aftershock decay is found to agree well with the
MOL. Parameters of the MOL for each major event were
calculated and they are similar. The aftershock sequences
of Major Event 1 take 3.8 days for the decay process. The
aftershock sequences of Major Event 2 only needed 3 days
to finish the decay process. A possible explanation is that
Major Event 1 has a larger magnitude than Major Event 2, so
Major Event 1 had a longer duration for the stress relaxation
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Fig.6 The comparison of the observed seismicity count and the syn-
thetic seismicity count using G-R fitting regression on aftershock
sequence of a Major Event 1 and b Major Event 2

process. This study discovers that aftershock decayed with
an average p =0.84 (p of Major Event 1 is 0.81; p of Major
Event 2 is 0.87). According to the study of Vallejos and
McKinnon (2009) for 18 seismically active mines in Canada,
p controls the speed and p values range from 0.4 to 1.6 with
average values between 0.74 and 1.05. The p values of Major
Event 1 and 2 in Creighton Mine agree with their study well.
A higher p value represents a faster decay rate and a shorter
stress relaxation time. Good correlation is found between
the p value and the aftershock decay. Major Event 1 with
a p value of 0.81 exhibits a slower decay than Major Event
2 with a p value of 0.87 (Kisslinger and Jones 1991; Klein
et al. 2006). In Marsan’s study for Creighton Mine, a value
of p=0.4 was suggested and this relatively low value of p
reflected a weak clustering on average (Marsan et al. 1999).
As Marsan pointed out, p is computed as nearly 1 in most
cases including crustal and induced earthquakes. This study
indicates that the major events with a p value of ~0.8 have
higher rates of decay than that in Marsan’s previous study.
The p values in this study are in the normal range of 0.7-1.1,
as evaluated during a previous study (Klein et al. 2006). Two
factors are likely to contribute to this change. One factor is
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Fig.7 Creighton Mine cumulative number of aftershock sequence
decay with time modeling for a Major Event 1 and b Major Event 2.
Lines in black: practical cumulative number of aftershock sequence;
lines in red: fitted model using the MOL

that microseismicity in this study might form in shapes of
stronger spatial clusters. The other factor of the change in
p values is the changing conditions of mining operations,
including the substantially greater excavation depths and
different geological conditions. For instance, the current
mining depth at Creighton Mine is several thousand meters
deeper than when Marsan’s study was performed. A previous
study claimed that no direct evidence proves that p varies
strongly with depth (Kisslinger and Jones 1991), whereas
other work has pointed out that the sequences with deep
major events have slightly larger p values than those at inter-
mediate depths (Nyffenegger and Frohlich 2000). A com-
parison of this study with Marsan’s work supports that depth
dependence exists in seismic sequences at Creighton Mine.
The K value of Major Event 1 and Major Event 2 is 647
and 448, respectively, during one day duration, which agree
well with the summary of study in Vallejos and McKinnon
(2009). The K values are found to range from O to 60 dur-
ing one hour duration, which corresponds to 0—1440 during



Acta Geophysica (2022) 70:1241-1252

1251

one day duration. The K values of Major Event 1 and Major
Event 2 fall in the range.

In this study of estimating the magnitude of complete-
ness, we use the magnitude bin of 0.1 and this is the reason
why the accuracy of the optimal magnitude of completeness
is 0.1. For the aftershock sequence of current data sets, we
suppose that a magnitude bin of 0.1 can meet the current
need for Creighton Mine. A smaller magnitude bin for higher
accuracy can be adjusted and employed accordingly depend-
ing on the number of seismicity sequence and the require-
ment of mine sites. Please note that applying a smaller mag-
nitude bin generally demands more computational resources.
Additionally, it should be noted that the MOL significantly
rely on the historical seismicity sequences to establish the
aftershock decay models. The parameters of the MOL for
different mine sites are case by case. When expanding the
study to another new mine site, the models still need to be
optimized and calibrated with new parameters based on the
maximum likelihood function.

Conclusions

This study investigates the aftershock decay of mining-
induced seismicity after the occurrence of two major events
at Creighton Mine. The results allow the following conclu-
sions to be drawn:

e The magnitude of major events is a principal factor
determining the cumulative seismic moment, cumulative
number, and the decay pattern of aftershock sequence of
mining induced seismicity. A major event is associated
with a significant increase of seismic moment and seis-
mic events number in its aftershock sequence. The mag-
nitude of a major event is positively correlated with the
cumulative seismic moment and the cumulative number
of events. That is, a higher magnitude generally leads to a
larger cumulative seismic magnitude and a larger density
of seismic events.

e Before applying the MOL, the completeness of mag-
nitude can be rigorously determined by evaluating the
goodness of fit across different magnitudes using the
maximum likelihood method. For different major events
from a mine, although the magnitude of the major events
is different, the completeness of magnitude is nearly the
same for the aftershock sequence of different major
events.

e The study of only two events can be considered only as a
methodological work. In order to establish a reentry pro-
tocol in a future work, a statistical work for many events
with different magnitudes and locations to establish the
range of the MOL parameters is still need.
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