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Abstract—A common characteristic of deep mines in hard rock

is induced seismicity. This results from stress changes and rock

failure around mining excavations. Following large seismic events,

there is an increase in the levels of seismicity, which gradually

decay with time. Restricting access to areas of a mine for enough

time to allow this decay of seismic events is the main approach in

re-entry strategies. The statistical properties of aftershock sequen-

ces can be studied with three scaling relations: (1) Gutenberg–

Richter frequency magnitude, (2) the modified Omori’s law (MOL)

for the temporal decay, and (3) Båth’s law for the magnitude of the

largest aftershock. In this paper, these three scaling relations, in

addition to the stochastic Reasenberg–Jones model are applied to

study the characteristic parameters of 11 large magnitude mining-

induced aftershock sequences in four mines in Ontario, Canada. To

provide guidelines for re-entry protocol development, the depen-

dence of the scaling relation parameters on the magnitude of the

main event are studied. Some relations between the parameters and

the magnitude of the main event are found. Using these relation-

ships and the scaling relations, a space–time–magnitude re-entry

protocol is developed. These findings provide a first approximation

to concise and well-justified guidelines for re-entry protocol

development applicable to the range of mining conditions found in

Ontario, Canada.

Key words: Mining seismicity, Omori’s law, Båth’s law,

Reasenberg–Jones model, re-entry protocol, mine safety.

1. Introduction

Immediately following large seismic events/rock

burst or blasts in seismically active mines, there is a

short-term increase of the levels of seismicity that

gradually decay to background levels. The complete

phenomenon is known as an aftershock sequence.

During this time of elevated seismicity, the risk of

aftershocks with sufficiently high magnitude to cause

damage increases. Therefore, the policy adopted by

mines is to restrict access to the affected areas for a

space–time period, known as exclusion zone. This is

the re-entry protocol (Vallejos and McKinnon

2008, 2009a, b, 2010, 2011; Vallejos 2010).

The decay pattern follows the modified Omori’s

law (MOL) (Utsu et al. 1995) developed from

observed decay rates of large earthquake aftershocks:

nðtÞ ¼ K

ðc þ tÞp ; ð1Þ

where n(t) is the event rate since time t measured

from the main event, c is a time offset constant,

p controls the speed of decay and differs from

sequence to sequence, with a typical range for tec-

tonic earthquakes of 0.6–1.6 and a median value of

1.1 (Utsu et al. 1995), and K is an activity parameter

related to the number of events within the sequence.

The power law form of Eq. (1) indicates that there

is no characteristic time scale and, for large time

(t � c), the equation is temporally self-similar (Ito

and Matsuzaki 1990). However, when the MOL

curvature is traced in time, a characteristic point

emerges at the maximum curvature, given by

TMC ¼ Kp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2p þ 1

p þ 2
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" #

1
1þp

�c; ð2Þ

TMC is the maximum curvature’s time and it has a

physical attribute of a time sequence that obeys MOL

decay, suitable for use in re-entry protocols, defining

the transition between the highest to lowest event rate

change (Vallejos and McKinnon 2010).

Previous studies (Vallejos and McKinnon

2008, 2009a, b, 2010, 2011; Vallejos 2010) have

established guidelines for re-entry protocol
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development based on an analysis of current re-entry

practices in Ontario’s mines, and a statistical analysis

of the MOL’s decay parameters. In addition, corre-

lations between certain mining factors such as

volume of mined rock, the depth and the magnitude

of large events (Vallejos and McKinnon 2011) and

seismicity have been proposed.

The main goal of this paper is to explore corre-

lations between the seismic parameters of mining-

induced seismicity and the magnitude of the main

event, to be applied in re-entry protocols. To

accomplish this, three scaling relations are studied:

(1) Gutenberg–Richter frequency magnitude (Richter

1958), (2) the modified Omori’s law (MOL) for the

temporal decay (Utsu et al. 1995), and (3) Båth’s law

for the magnitude of the largest aftershock (Båth

1965). The Reasenberg–Jones stochastic model

(Reasenberg and Jones 1989, 1994) is also included

in the analysis. The aftershock sequence patterns

described by these scaling laws and their implications

for re-entry assessment are addressed and discussed.

Using the scaling relations, a space–time–magnitude

re-entry protocol is developed applicable to the range

of mining conditions found in Ontario, Canada.

2. Sources of Data and Aftershock Sequences

Seismic data from the following four mining

operations in Ontario, Canada, are used throughout

this paper, including

1. Copper Cliff North, Sudbury.

2. Craig, Sudbury.

3. Creighton, Sudbury.

4. Kidd Creek, Timmins.

Each mine has a monitoring system provided by

the Engineering Seismology Group (ESG) Company,

ensuring that the hypocentres location and the cal-

culation of magnitudes are consistent. The wide

variety of mining and geology is selected to evaluate

the range of aftershock statistics that can be found in

mining operations in Ontario.

In the following, an overview of the geology and

monitoring systems of each mining site is provided.

2.1. Geology and Monitoring System

Each mine, except Kidd Creek, is located around

the Sudbury Igneous Complex (SIC) (Fig. 1), which

corresponds to a 2.5–3.0 km thick with

* 60 9 27 km elliptical igneous rock body (Therri-

ault et al. 2002). The geology of the Sudbury Igneous

Complex is described in Fig. 2.

1. Copper Cliff North, Sudbury It is located at

N46�26.9300, W81�05.7250. The study area con-

sists on the upper part of the 100/900 orebodies,

between the 2700 and 3400 levels. The micro-

seismic monitoring system covering this zone is

made up by 13 uniaxial and two triaxial

accelerometers. Various mining methods have

been used over the years at North Mine, but the

Figure 1
a Location of Kidd Creek and Creighton Mine, which indicates the location of the Sudbury Igneous Complex. b Location of the mines around

the Sudbury Igneous Complex. The names of the mines framed with a red rectangle are those used in this study. Modified from Villaescusa

et al. (2007)
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main methods used presently are slot/slash and

vertical retreat mining in the main mining block of

the mine. The ore deposits of the North Mine

environment predominantly occur within the

intrusive quartz diorite dyke (Fig. 3). The quartz

diorite dyke striking north–south is approximately

50 m wide and generally dips vertically or steeply

to the west. The nickel–copper sulphides are

generally located in the central portion of the

quartz diorite dyke, and form elongated steeply

plunging pipe-like orebodies. The country rocks

west of the dyke are predominantly granite and

granodiorite rocks of the Creighton Pluton. The

country rock, east of the dyke, is made up by

metavolcanic and metasedimentary rocks of the

Elsie Mountain Formation. Sudbury Breccia pre-

dominantly occurs east of the dyke and is

widespread at breaks in the dyke. Narrow quartz

diabase and olivine diabase dykes crosscut the

quartz diorite dyke. The North Mine is associated

with four major faults: number 2 mine fault,

number 1 cross fault, 900 Orebody Cross fault and

Creighton fault at the south end of the North Mine.

The faulting was the last geological event

affecting the North Mine environment; it dis-

placed the quartz diorite dyke and its associated

ore deposits, the quartz diabase dykes, and the

olivine diabase dykes.

2. Craig Mine, Sudbury Craig Mine is a nickel–

copper deposit located on the Northwest rim of the

Sudbury Basin (N46�38.10, W81�22.20). These

zones of the Craig Mine have a fault region

obliquely traversing the orebody generating high

seismic activity and occasional large magnitude

events. These zones are currently being mined via

blast hole open stoping. The seismic array has 55

uniaxial sensors and covers a volume of approx-

imately 1000 9 1300 9 900 m.

3. Creighton Mine, Creighton Creighton Mine is

located within the Creighton embayment on the

outer rim of the South Range of the Sudbury

Igneous Complex (N46�27.70, W81�11.40). At

depth, the Creighton main ore zone strikes roughly

east–west and dips steeply to the north. Creighton

Mine comprises 15 orebodies of which most of the

higher grade mineralization has been depleted.

Mineralization is contained within a northwest

plunging embayment of norite in the footwall.

Figure 2
Geology of the Sudbury Igneous Complex. FLF Fecunis Lake Fault, SF Sandcherry Fault, SRSZ South Range Shear Zone. Modified from

Mukwakwami et al. (2011)

Vol. 175, (2018) Seismic Parameters of Mining-Induced Aftershock Sequences for Re-entry Protocol Development 795



Creighton Mine is characterized by several late-

stage faults, locally termed shears. The structures

consist of foliated material. Depending on the

structure, shear zones vary in thickness from a few

centimetres to tens of meters (Malek et al. 2009).

The study region corresponds to the Creighton

Deep, between the 6600 and 7800 levels (between

1828 and 2377 m below the surface) (Fig. 4). The

underground microseismic monitoring system

covering this area consists of 24 uniaxial and

seven triaxial accelerometers.

4. Kidd Creek, Timmins Kidd Creek Mine is located

24 km north from Timmins, Ontario (N48�410,

W81�22.30) The study region corresponds to the

complete mine D, covering a volume of approxi-

mately 300 9 9200 9 9500 m, between the 6800

and 8800 levels (between 2073 and 2682 m below

the surface) (Fig. 5a). In this zone, the underground

microseismic monitoring system consists of 15

uniaxial and four triaxial accelerometers. Blast hole

mining with delayed paste backfill is used to mine

the ore underground. A general description of the

mine’s geology can be found in Board et al. (2001).

Kidd Mine’s main mineralized lenses are called the

main (copper stringer and massive sulphides) and

south lenses. These orebodies are located near the

top of a locally thickened rhyolite, which is

underlain to the east by ultramafics and overlain

to the west by mafic flows and associated intrusions.

The stratigraphy trends north–south is overturned,

and dips steeply to the east. All the lithologies in the

Kidd Mine (Fig. 5b), including the ore have been

subjected to complex folding and faulting. The

major faults that potentially affect the mine-wide

stability can be defined in two systems: the Gouge

Fault and the south-dipping echelon faults. The

south-dipping faults have been associated with the

larger seismic events at Kidd, while the Gouge Fault

and its splays primarily impact the hanging wall

dilution.

2.2. Aftershock Sequences

Several aftershock sequences have been collected

from several mine-wide large magnitude events at

different sites in Ontario, Canada (Table 1).

The main shock magnitude was given in the Nuttli

magnitude scale (Mn) (Nuttli 1973) that is used to

express the magnitude of large seismic events for

mines in the Canadian Shield. All the aftershocks in

the sequences were measured in moment magnitude

scale. Because of that and to ensure the correct

estimation of the seismic parameters, the Nuttli

magnitude will be converted into moment magnitude

(Mw,m) through the following relation:

Mw;m ¼ 1:03Mn � 0:61: ð3Þ

Sonley and Atkinson (2005) found these empirical

relationships between Mn and Mw,m, using small

Figure 3
A cross-section of the underground workings of the Copper Cliff Mine, looking west. From Natural Resources Canada and Ontario Geological

Survey (2015)

796 J. A. Vallejos and R. Estay Pure Appl. Geophys.



earthquakes in Brunswick Mine (Canada) with

1.0 B Mn B 6.0.

The total duration of the sequence (tN) was

estimated by ratios method, described by Frohlich

and Davis (1985) and following the considerations of

Vallejos and McKinnon (2010). This method evalu-

ates the ratio

rðNb;NaÞ ¼ TNa=TNb
; ð4Þ

where TNa
and TNb

are the time of occurrence of the

Nath and Nbth event following and preceding the

principal event, respectively. Subsequent events are

identified as aftershocks if the above ratio is smaller

than a critical value generated by a random process

with a certain probability. For our analysis, we set

Na = 1, Nb = 5 with a probability of 1%, giving a

critical value of rc(5,1) = 0.002. The start of the

sequence is defined if the ratio r(5,1) is less than the

critical value for a group of at least three consecutive

events.

3. Methodology

Figure 6 presents a flowchart of the methodology

applied in this paper that combines filtering, cluster-

ing tools and estimation of seismic parameters of the

three scaling relations: Omori’s law, Gutenberg–

Richter law and Båth’s law. The implications of these

scaling relations for re-entry protocol development

are presented as the outcome of the analysis.

3.1. Aftershock Sequence Filtering

Each aftershock sequence was filtered by limiting

the source location error (Dr), and by magnitude of

Figure 4
Cross-section of the Creighton Mine. From Malek et al. (2009)
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completeness (Mw,c). The objective of these two

constraints is to remove the poorly located seismic

events from the analysis and to provide some degree

of uniformity to the data. For the analysis, only

seismic events with an associated hypocentral loca-

tion error less than or equal to 50 m were considered.

This distance matches with the minimum spherical

radius used to restrict access from the potential

source after a large magnitude event (Vallejos and

McKinnon 2008).

The Mw,c value for each sequence was estimated

by the Goodness of Fit (GoF) method (Wiemer and

Wyss 2000). In the GoF method, a minimum

adjustment of RGoF = 90% between the observed

and predicted cumulative number of events was

considered. The same procedure explained by

Wiemer and Wyss (2000) is applied.

To select a single Mw,c value represented by M�
w;c

for the analysis, the following methodology is

applied:

1. A tentative M�
w;c value is selected.

2. Aftershock sequences that satisfy Mw,c B M�
w;c are

considered for the analysis.

3. Next, the procedure presented in Fig. 6 is applied,

considering only the pre-processing (filtering and

clustering) and the estimation of seismic param-

eters of the Gutenberg–Richter and the modified

Omori’s law. Only sequences with more than ten

events are considered for the analysis. The corre-

lations between the seismic parameters and the

magnitude of the main shock are estimated.

4. The selected M�
w;c is the minimum value which

maximizes the correlation between the seismic

parameter and the main shock magnitude, and it is

greater than the maximum Mw,c value of all the

sequences (in this case - 1.4, Table 2).

Based on the above procedure, a value of

M�
w;c = - 1.30 was determined.

3.2. Spatial Clustering

The sequences presented in Table 1 only consider

the end time of the sequence, independent of the

spatial distribution of the seismicity. To ensure that

only the main group of seismicity associated in space

to the large magnitude event is included into the

sequence, a single-link, or nearest neighbour cluster

method was applied to each aftershock sequence.

This type of hierarchical cluster method is one of the

oldest methods of cluster analysis (McQuitty 1957;

Sneath 1957) and it has been used to evaluate

clustering in numerous fields (Ling 1973; Hartigan

1975; Day and Edelsbrunner 1984; Frohlich and

Davis 1990; Davis and Frohlich 1991a; b; Dieterich

Figure 5
a Kidd Creek Mine ore bodies looking East from the surface to 3110 m (10,200 ft). b Stratigraphy and lithology in Kidd Creek Mine (Gibson

et al. 2003)
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1994; Hudyma and Potvin 2010; Estay 2014). For the

single-link analysis, the proximity of two clusters is

defined as the minimum distance between any two

points in each cluster (Fig. 7). The same distance of

d B 50 m was selected to separate clusters in space.

It should be noted that this analysis does not restrict

the spatial extent (volume) associated with the main

event, i.e. the resulting seismicity is free to form

chains of any size and shape.

Table 1 indicates the number of events in each

sequence pre and post clustering.

3.3. Gutenberg–Richter and Modified Omori’s Law

Parameters

For each filtered and clustered aftershock

sequence, the Gutenberg–Richter’s b value and

modified Omori’s law parameters K, p and c are

estimated by the maximum likelihood method (Valle-

jos and McKinnon 2009a, b, 2010; Vallejos 2010;

Aki 1965; Ogata 1983).

The Gutenberg–Richter law is defined as

logðNÞ ¼ a � bMw; ð5Þ

where N is the cumulative number of earthquakes

with magnitudes equal or larger than Mw and

parameters a and b are constants. In particular, the

b value depends on the tectonic regimes (Schorlem-

mer et al. 2005) and the stress regime (Scholz 1968;

Mikumo and Miyatake 1979; Mori and Abercrombie

1997; Enescu and Ito 2003).

The Gutenberg–Richter’s b value is calculated as

b ¼ logðeÞ
�Mw � Mw;c þ DMbin=2

; ð6Þ

where �Mw is the mean magnitude of events that

Mw C Mw,c. DMbin is the binning width of the cata-

logue. Each bin has a width of 0.1.

Concerning the MOL’s parameters, given the

occurrence times ti (i = 1, …, N) of the individual N

events in a time interval [TA, TB] the log-likelihood

function of Eq. (1) can be expressed by

ln LðK; p; c;TA; TBÞ ¼ N ln K � p
X

N

i¼1

lnðti þ cÞ

� KAðp; c; TA; TBÞ; ð7Þ

where

Aðp; c; TA; TBÞ

¼
lnðTB þ cÞ � lnðTA þ cÞ p ¼ 1

½ðTB þ cÞ1�p � ðTA þ cÞ1�p�=ð1 � pÞ p 6¼ 1

�

:

ð8Þ

The maximum likelihood estimates (MLE) of the

parameters K, p and c, are those values that maximize

Eq. (7). The MOL parameters have been estimated

into the complete duration of the sequence, i.e. [TA,

TB] = [t0, tN], where t0 and tN are the occurrence

times of the main and last events in the clustered

sequence, respectively.

3.4. Båth’s Law

The empirical Båth’s law (Richter 1958; Båth

1965) states that the average difference in magnitude

Table 1

List of analysed aftershock sequences (Seq) following large

magnitude events collected from Ontario mines, Canada

Seq Site Date

(mm/

dd/

yyyy)

Mn Mw,m tN (h) Number of events

Pre

clustering

Post

clustering

1 CCN 06/10/

2005

2.1 1.6 10.3 172 53

2 CCN 11/30/

2004

2.4 1.9 29.9 855 192

3 CCN 09/24/

2008

2.4 1.9 69.4 164 17

4 CCN 09/11/

2008

3.8 3.3 165.6 1411 213

5 Craig 06/22/

2007

2.2 1.7 37.5 507 77

6 Creighton 02/07/

2008

2.4 1.9 45.9 197 41

7 Creighton 03/14/

2009

2.6 2.1 197.7 2933 627

8 Creighton 12/06/

2008

2.9 2.4 25.3 161 54

9 Creighton 06/15/

2007

3.0 2.5 27.6 591 402

10 Creighton 10/07/

2007

3.1 2.6 53.6 801 408

11 Kidd

Creek

03/02/

2006

1.6 1.0 23.5 223 21

CCN Copper Cliff North Mine

Mn and Mw,m are the main shock magnitudes of the sequence in

Nuttli and moment magnitude, respectively, and tN is the total

duration of each sequence
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between a main shock and its largest aftershock in

shallow earthquakes is constant and equal to 1.2

regardless of the main shock magnitude, i.e.

DMw ¼ Mw;m � Mw;LA � 1; 2; ð9Þ

where Mw,m and Mw,LA are the magnitudes of the

main shock and the largest aftershock, respectively.

Several authors have applied and interpreted

Båth’s law to tectonic seismicity (Felzer et al.

2002; Console et al. 2003; Helmestetter and Sornette

2003; Shcherbakov and Turcotte 2004; Tsapanos

1990; Vere-Jones 1969), but few focus on induced

seismicity (Vallejos and McKinnon 2009).

Shcherbakov and Turcotte (2004) proposes a

modified Båth’s law as follows:
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Figure 6
Methodology and results obtained in this paper

Table 2

Magnitude of completeness, Mw,c, for each sequence (Seq)

Seq Site Mw,c RGoF (%)

1 Copper Cliff North - 1.4 87.7

2 Copper Cliff North - 1.6 97.7

3 Copper Cliff North - 1.7 91.8

4 Copper Cliff North - 1.6 94.7

5 Craig - 1.8 93.6

6 Creighton - 1.5 92.2

7 Creighton - 1.7 98.2

8 Creighton - 1.5 93.0

9 Creighton - 1.4 96.3

10 Creighton - 1.4 94.2

11 Kidd Creek - 2.0 90.2

RGoF percentage of adjustment of each sequence applying the

Goodness of Fit method
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DM�
w ¼ Mw;m � M�

w; ð10Þ

where M�
w is the inferred largest aftershock estimated

by Gutenberg–Richter’s law, considering N = 1 in

Eq. (5),

M�
w ¼ a

b
; ð11Þ

which is the value of the aftershock magnitude that

was used in this study to evaluate the Reasenberg–

Jones model, explained below.

3.5. Reasenberg–Jones Probability Model

The Reasenberg–Jones model (Reasenberg and

Jones 1989, 1994) expresses the rate k of aftershocks

with magnitude M or larger, at time t following a

main shock of magnitude Mw,m as follows:

kðt;MwÞ ¼
10a0þbðMw;m�MwÞ

ðt þ cÞp ; ð12Þ

where p and c are the modified Omori’s law param-

eters, b is the Gutenberg–Richter’s coefficient. a0 can

be expressed as

a0 ¼ logðKÞ�bðMw;m�MwÞ: ð13Þ

The probability, P, of one or more earthquakes

occurring between magnitudes Mw,1 and Mw,2 in the

time range [t, t ? Dt] is (Reasenberg and Jones 1989;

Wiemer et al. 2002; Ford and Walter 2010)

P Mw;1 �M\Mw;2; S� t\T
� �

¼ 1 � exp

Z

tþDt

t

k t;Mwð Þdt

0

@

1

A

Mw;2

Mw;1

: ð14Þ

A common error in calculating probability is that

it integrates with respect to time and magnitude. The

error arose from our incorrectly treating k(t,Mw) as a

density function, when in fact it is a density with

respect to t and a rate with respect to M (Reasenberg

and Jones 1994).

Solving Eq. (14) results in

where Mw,2 is considered as the main shock magni-

tude, Mw,m, Mw,1 is the largest aftershock magnitude,

Mw,LA and Dt was considered as 1 h.

Figure 7
a Example of single-link clustering. The star represents the location of the main shock magnitude. b Dendrogram for single-link clustering

P ¼ 1 � exp � ðtþDtþcÞ1�p�ðtþcÞ1�p

1�pð Þ ð10a0þbðMw;m�Mw;1Þ � 10a0þbðMw;m�Mw;2ÞÞ
n o

for p 6¼ 1

P ¼ 1 � exp � ln tþDtþc
tþc

� �

ð10a0þbðMw;m�Mw;1Þ � 10a
0 þbðMw;m�Mw;2ÞÞ

n o

for p ¼ 1
; ð15Þ
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4. Results

In the following section, the statistical properties

of mining-induced aftershock sequences and their

implications for re-entry protocol development are

presented. The scaling relations (modified Omori’s

law, Gutenberg–Richter and Båth’s law) and a

stochastic model (Reasenberg and Jones) are applied

to several mining-induced aftershock sequences from

different mine sites in Ontario, Canada.

4.1. Gutenberg–Richter

Figure 8 presents the frequency distribution of

each sequence and its Gutenberg–Richter’s adjust-

ment. Figure 9 shows the b values from Gutenberg–

Richter’s law for each filtered and clustered sequence

as a function of the main shock magnitude. The

regression line for all the data is included in this

figure. In general, there is no clear dependency of the

b value on the main shock magnitude.

The b value has a mean of 1.39 ± 0.4. The mean

value is within the ranges published by Wiemer et al.

(2002) and Nuannin et al. (2002), for induced

seismicity in South Africa and Sweden, respectively,

but a little lower that those obtained for El Teniente

Mine (Estay 2014). Variations of b values in induced

seismicity can be explained by the high and low

stress (Scholz 1968) (for low values of b, higher

stress in the mine), thermal gradients (Warren and

Latham 1970), and more recently, the effects of pore

pressure in rock (Bachmann et al. 2012). Schorlem-

mer et al. (2005) also indicate that for tectonic

seismic events (California and Japan), normal fault-

ing events show the highest b values (1.07 ± 0.06),

strike slip events show intermediate values

(0.96 ± 0.1) and thrust events the lowest

(0.77 ± 0.08).

However, when considering only the results for

the Creighton mine, a value of R2 = 0.32, indicating

a better correlation between the parameter b and the

magnitude of the main event.

1

10

100

1000

-1
.3

-0
.8

-0
.3 0.
2

0.
7

C
um

ul
at

iv
e 

nu
m

be
r o

f
ev

en
ts

Magnitude, Mw

0

50

100

150

200

-2
.9

-2
.6

-2
.3 -2

-1
.7

-1
.4

-1
.1

-0
.8

-0
.5

-0
.2 0.
1

0.
4

Fr
eq

ue
nc

y 

Magnitude, Mw

Sequence 10 

1

10

100

1000

-1
.3

-0
.8

-0
.3 0.
2

0.
7

C
um

ul
at

iv
e 

nu
m

be
r o

f
ev

en
ts

Magnitude, Mw

R2 = 0.94

R2 = 0.93

(b) 

0
20
40
60
80

100
120
140
160

-2
.9

-2
.6

-2
.3 -2

-1
.7

-1
.4

-1
.1

-0
.8

-0
.5

-0
.2 0.
1

0.
4

Fr
eq

ue
nc

y 

Magnitude, Mw

Sequence 2 
(a) 

Figure 8
Some examples of a histogram of aftershock sequence before filtering. The striped bars correspond to those with Mw values lower than

Mw,c = - 1.3. b Frequency–magnitude distribution and its respective Gutenberg–Richter adjustment after filtering with the coefficient of

adjustment, R2
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4.2. Modified Omori’s Law

The modified Omori’s law p value varies from

sequence to sequence within range of 0.70–1.09, and

an average of 0.83 ± 0.13, in accordance with the

results obtained by Utsu et al. (1995), Wang (1994)

and Nyffeneger and Frohlich 2000). Null correlation

between p and the magnitude Mw,m of the main event

is found (Fig. 10a).

It is expected that for mining-induced aftershock

sequences, the mechanism involved (e.g. pillar burst,

fault slip, strain burst) may play a role in the

aftershock productivity and the p value. Guo and

Ogata (1997) have shown that p values depends if the

events corresponds to intra-plate (1.15 ± 0.25) or

inter-plate earthquakes (0.95 ± 0.10). On the other

hand, Yamanaka and Shimazaki (1990) have shown

that the aftershock productivity also depends on the

seismic mechanism. The spread shown in Fig. 10a

reflects the nature of the induced seismicity, suggest-

ing that the seismicity mechanism may play a role in

determining the speed of decay as it occurs in

tectonic earthquakes.

As was done in Sect. 4.1 for the b value, consid-

ering only the values obtained for the Creighton

mine, a high correlation between p and Mw,m is

obtained (R2 = 0.66).

Figure 10b, c presents the correlations between

the parameters K and c of the modified Omori’s law

(MOL) with the magnitude of the main event. Both

parameters present significant positive correlations,

with a value of the coefficient of adjustment R2 equal

to 0.49 and 0.59, respectively.

As expected, the K value increases as the main

shock magnitude also increases. This is because the

K value is an activity parameter related to the number

of events within the sequence.

On the other hand, in tectonic analysis, the

physical meaning of the c value is attributable to

the complex feature of the rupture process (Ya-

makawa 1968) as a time shift that relates to the rate

of aftershocks in the early part of the sequence

(Enescu et al. 2009) that have smaller signal ampli-

tudes and are not completely detected (Hamaguchi

and Hasegawa 1970; Kagan and Houston 2005).

Also, c value behaves as the constant which does not

allow the Eq. (1) to be undefined at t = 0 (Narteau

et al. 2002). This behaviour seems to be replicated by

the c values in induced seismicity (Fig. 10c), which

at higher magnitudes, present higher c values, thus

there would be aftershocks in an early stage of the

sequence that the monitoring system is unable to

detect.

The values of the MOL’s parameters are shown in

Table 3.

4.3. Båth’s Law

Table 4 shows the values of the main shock

magnitude (Mw,m), the magnitude of the largest

aftershock of each sequence (Mw,LA), the Guten-

berg–Richter’s parameters (a, b) and the difference

DMw and DM�
w explained in Sect. 3.4.

A mean of DMw = 2.1 ± 0.6 is obtained, which

is clearly larger than the one proposed by Båth for

tectonics seismicity. Table 4 also presents the results

of applying Eq. (10) to the induced seismicity

sequences. An average of DM�
w = 1.5 ± 0.6 is

obtained. This value is very close to the value

proposed by Båth, which also, is a better result than

the one obtained with DMw.

4.4. Reasenberg–Jones Model

To estimate p, c, a0 and b values for the

Reasenberg–Jones model, the empirical tendencies

obtained in Sects. 4.1 and 4.2 were used.

Figure 9
Dependence of b value on the main shock magnitude, Mw,m for

each filtered and clustered sequence. Errors bars correspond to the

standard error proposed by Shi and Bolt (1982)
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Because the correlation obtained for the param-

eter p with Mw,m is close to 0, we decided to use the

mean value of p = 0.83.

The value of the parameter c was estimated using

Eq. (16)

c ¼ 10�3:70þ �Mw;m ð16Þ

where �Mw;m is the average value of the main shock

magnitudes of the sequences. Considering a Mw,c

value of - 1.3, Eq. (16) can be expressed as

c ¼ 10�2:50þð �Mw;m�Mw;cÞ ð17Þ

Furthermore, a0 and b values were directly

obtained from the equation presented in Fig. 10a,

where K value is written as

Figure 10
Dependence of the MOL parameters a p value, b K value and c c value with the main shock magnitude. The p and c error bars correspond to

the uncertainty estimation from the MLE method. K error bars are estimated using the propagation of uncertainty

Table 3

MOL’s parameters for each sequence (Seq)

Seq Site Mw,m K c p

1 Copper Cliff North 1.6 9.54 0.05 0.73

2 Copper Cliff North 1.9 21.72 0.00 0.70

3 Copper Cliff North 1.9 2.60 0.01 1.04

4 Copper Cliff North 3.3 43.76 0.44 1.09

5 Craig 1.7 8.41 0.00 0.74

6 Creighton 1.9 4.39 0.01 0.74

7 Creighton 2.1 51.82 0.05 0.79

8 Creighton 2.4 7.50 0.02 0.82

9 Creighton 2.5 62.51 0.15 0.79

10 Creighton 2.6 54.03 0.17 0.80

11 Kidd Creek 1.0 2.53 0.00 0.93
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K ¼ 10�0:14þ0:62Mw;m : ð18Þ

Considering a Mw,c value equal to - 1.3, Eq. (18)

can be written in function of the difference

Mw,m - Mw,c as

K ¼ 10�0:95þ0:62ðMw;m�Mw;cÞ: ð19Þ

This relation is associated to 10a0þbðMw;m�MwÞ of

Eq. (12), so a0 = - 0.95 and b = 0.62.

5. Re-entry Protocol Development

In this section, a space–time–magnitude re-entry

protocol is proposed. The space and time that estab-

lishes the exclusion zone after a main shock were

defined by an exclusion radius and the TMC values.

Also, the correlation between these values and the

main shock magnitudes of each sequences is shown.

Seismic decay curves are estimated considering

the MOL’s parameters. These curves provide infor-

mation on the decay patterns of an on-going

sequence.

The Reasenberg–Jones probability of occurrence

of the maximum expected magnitude is estimated

using the results previously obtained with Guten-

berg–Richter’s law, Omori’s law and Båth’s law.

5.1. Exclusion Zone

The exclusion zone is defined as the volume

around the main event’s hypocentre for which access

is restricted by the re-entry protocol. To provide some

guidance on the possible exclusion zone size after

large magnitude events, the spatial extent of the

events was analysed. For simplicity purposes, this

zone was represented by a sphere with radius R*.

In some cases, the first event in the sequence was

not necessarily associated with the cluster of seis-

micity. Considering this, the centre of the sphere will

be the centroid of the seismicity that occurs during

the first hour after the main shock. This point ensured

a better statistical representation of the size of the

affected zone, allowing a greater representativeness

of the zone where the rupture begins. Three spherical

radii for the exclusion zone were estimated: the best-

fit radius (Rmin), the sum of seismic moment radius

(Rssm) and the sequence radius (Rseq) (Fig. 11)

The best-fit spherical radius was estimated

minimizing the quadratic difference between the

Table 4

Results of converting Nuttli magnitude into moment magnitude applying Eq. (3) and the results of DMw and its modified form, DM�
w

Sequence Site Mw,m Mw,LA a b M�
w DMw DM�

w

1 CCN 1.6 - 0.8 - 0.50 2.16 - 0.2 2.4 1.8

2 CCN 1.9 0.6 1.10 1.20 0.9 1.3 1.0

3 CCN 1.9 0.1 - 0.06 1.31 0.0 1.8 1.9

4 CCN 3.3 0.1 0.83 1.51 0.6 3.2 2.7

5 Craig 1.7 - 0.1 0.61 1.30 0.5 1.8 1.2

6 Creighton 1.9 - 0.8 - 0.25 1.85 - 0.1 2.7 2.0

7 Creighton 2.1 0.1 1.55 1.27 1.2 2.0 0.9

8 Creighton 2.4 - 0.3 0.56 1.20 0.5 2.7 1.9

9 Creighton 2.5 0.3 1.44 1.19 1.2 2.2 1.3

10 Creighton 2.6 0.4 1.13 1.50 0.8 2.2 1.8

11 Kidd Creek 1.0 - 0.2 0.49 0.83 0.6 1.2 0.4

CCN Copper Cliff North Mine

Figure 11
Spherical radii as functions of the main shock magnitude of the

main event
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distances of the events belonging to the clustered

sequence and the centroid of the exclusion zone.

This allows including those events that could be

generated and grouped in the edges of the rupture

zone.

The sum of seismic moment radius was estimated

considering the minimum radius that includes 90% of

the total seismic moment of the sequence.

Finally, the sequence radius was estimated con-

sidering 90% of the events clustered in each

sequence.

Figure 11 presents the resulting of the three

spherical radii estimated as a function of the main

shock moment magnitude for all the sequences

analysed. Despite some natural spread in the data, a

significant adjustment (Table 5) between the spher-

ical radius and the magnitude of the main shock can

be recognized.

So, for example, in case of a seismic event with

Mw,m = 2.0, results in values of Rmin = 53 m,

Rseq = 89 m and Rssm = 123 m.

Moreover, in Ontario mines, depending on the

type of rupture, different exclusion radii are used

(Vallejos 2010)

Source radius ðSRÞ

¼
\50 m Strain burst and entry mining methods

50\SR\100 Open stope mining

[100 Regional fault slip

8

>

<

>

:

:

With respect to the above given equation, the

values proposed for the exclusion zone radius coin-

cide with the source radius used in Ontario mines. In

this regard, it is proposed to use the highest value

between SR and the one obtained with the equations

presented in Table 5, depending of the seismic

mechanism.

5.2. Modified Omori’s Law

Figure 12 presents the correlation between the

time of maximum curvature (2) of the modified

Omori’s law and the magnitude of the main event.

TMC defines the transition between the highest to

lowest rate change (Vallejos and McKinnon 2010)

and is recommended as a preliminary estimate of the

time at which it may be considered appropriate to re-

enter an area affected by a large magnitude event

(Vallejos and McKinnon 2008, 2010).

As expected, TMC increases as Mw,m increases too,

related to a higher seismic activity and the longer

time needed to reach the lowest event rate change. To

develop a real time re-entry protocol, a series of

average MOL curves are defined as a reference to

evaluate the actual sequence.

For applying Eq. (1) to the number of events at

time t occurring during the last time window Dt, it is

necessary to consider its integral form for a time

interval [TA, t], given by

N½t;TA� ¼
Z

t

TA

nðtÞdt

¼
K ln tþc

TAþc

� �

p ¼ 1

K
1�p

ðt þ cÞ1�p � ðTA þ cÞ1�p
h i

p 6¼ 1

8

<

:

ð20Þ

by fixing the range of the time interval [TA, t] to a

given time period Dt

Table 5

Regression equations and coefficient of adjustment (R2) for each

option of the exclusion zone radius

Methodology Regression equation R2

Best spherical radius Rmin ¼ 101:22þ0:25Mw;m 0.52

Sum of seismic moment radius Rssm ¼ 101:47þ0:31Mw;m 0.52

Sequence radius Rseq ¼ 101:46þ0:25Mw;m 0.47

Figure 12
Correlation between the time of maximum curvature TMC and the

magnitude of the main event
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t � TA ¼ Dt; ð21Þ

and substituting this expression in Eq. (20), the fol-

lowing is obtained:

N½t;t�Dt� ¼
K ln tþc

t�Dtþc

� �

p ¼ 1

K
1�p

ðt þ cÞ1�p � ðt � Dt þ cÞ1�p
h i

p 6¼ 1

8

<

:

ð22Þ

that represents the number of events at time t occur-

ring during the previous time window Dt. In this case,

a value of Dt = 1 h is selected. The values of the

parameters p, c and K were estimated as explained in

Sect. 4.4.

The resulting seismic decay curves are used to

provide information on the decay patterns of an on-

going sequence (Fig. 13). In addition, the time of

maximum curvature TMC (Eq. (2)), and the event rate

at TMC are incorporated into the chart. These

parameters lead to evaluate a maximum curvature

boundary in the event rate diagram that is used to

estimate TMC in real time, i.e. when the event rate

crosses this boundary the maximum curvature has

been reached (Fig. 13).

The dashed line in Fig. 13 corresponds to the

decay curve of sequence 16, using its own values of

p, c and K (see Table 3), which properly follow the

actual sequence data. However, the difference

between both curves (dashed line and continuous

line with Mw,m = 2.6) is small, where the continuous

curve slightly underestimates the actual decay curve.

This underestimation results in a TMC value variation

from 5.3 (considering the continuous line) to 7.8 h

(with the dashed line).

5.3. Reasenberg–Jones Model

In this section, an application of the Reasenberg–

Jones model was made, considering the values of a0,

b, c and p explained in Sect. 4.4. Also, the

Mw,m - Mw,1 (Eq. (15)) difference was considered

as Mw,m - M�
w.

As explained in Sect. 4.4, the dependences of

Gutenberg–Richter and Omori’s parameters with

main shock magnitudes were used to plot the fitted

Reasenberg–Jones probability curve line (Fig. 14).

Also, this curve is compared with the curve proposed

by Reasenberg and Jones (1989, 1994) and with those

obtained for each sequence.

In Fig. 14, it can be observed how the curve

associated to the methodology proposed by Reasen-

berg–Jones, (using the average values of the

parameters of the aftershock sequences)

Figure 13
Events per hour as a function of time and magnitude after a main

event applied to sequence 10 with Mw,m = 2.6. The dashed line

corresponds to the decay curve calculated with the results obtained

in Table 3 (sequence 10). The grey point indicates the value of the

TMC for sequence 10
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Application of Reasenberg–Jones probability model (Eq. (15)),

considering the values of the parameters of each sequence (grey

lines); the average value of the parameters as proposed by

Reasenberg and Jones (1989, 1994) (continuous black line):

a0 = - 3.60, b = 1.39, c = 0.08, p = 0.83; the values estimated

using the methodology proposed in this study with a0 = - 0.95

(dotted line) and with a0 = - 1.50 (dashed line)
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underestimates the results obtained in each one of the

Ontario sequences.

On the other hand, the methodology proposed in

this study overestimates these curves. This is mainly

due to the value of a0 (Eq. (13)), which greatly

influences the behaviour of the probability curve, as

shown in Fig. 14. In this case, considering the

induced seismicity in Canada mines, the adjusted

curve best represents the behaviour of the probability

of occurrence of a seismic event with the magnitude

that complies with the expected Bath law for each

sequence (DM�
w = 1.5).

6. Discussion

For adjusting the parameter b of the Gutenberg–

Richter’s law, it is necessary first to confirm that the

magnitude distribution can be explained by this scaling

relation. Gibowicz and Kijko (1994) explained the

bimodal distribution behaviour of the mine seismicity,

associated to non -omogeneous major geologic fea-

tures, where low and high energies are released by

mining and residual tectonic stress accumulated in the

rock mass, respectively. In this study, all aftershock

sequences have a unimodal frequency–magnitude

distribution, which can be correctly explained by the

Gutenberg–Richter’s law (Fig. 8).

The adjusted b values did not present any trend

with the main shock magnitude (Fig. 9). The mines

located in the SIC (Creighton, Craig and Copper Cliff

North) have similar b values (except one sequence

from Copper Cliff North). This may represent a

particular type of faulting (normal, thrust or strike

slip) and stress conditions in Ontario. Kid Creek mine

presents a lower b value compared to the Ontario

mines, which could indicate a local variation in the

type of mechanism of mining-induced seismicity.

Linear relationships are adjusted to the MOL’s

parameters as a function of the main shock magni-

tude. The results presented low correlation values.

This is considered as a first approximation to gener-

alize the application of seismic parameters obtained

from mining-induced seismicity. Using these rela-

tions is more representative to the seismic process

generated by mining than using average values or

values obtained from tectonic seismicity. The low

correlation values can be improved by increasing the

number of aftershock sequences used in the analysis.

For applying Båth’s law to mining-induced

aftershock sequences, it is necessary to consider the

inferred largest aftershock obtained with the Guten-

berg–Richter power law instead of the registered

values. The mean value of this scaling relation is

DM�
w = 1.5 ± 0.6, however, DM�

w differs from

sequence to sequence with variation between 0.44

and 2.70.

7. Conclusions

Aftershocks are complex in nature. The statistics

presented in the study are valuable in terms of the

development and application of the re-entry protocol.

The correlations between Gutenberg–Richter’s

b value and the parameters of the modified Omori’s

law (MOL) with main shock magnitude, Mw,m, were

explored. No significant correlations were obtained,

except for the Omori’s c and K values. The opposite

occurs if only the results of Creighton mine are

considered, where high correlations were obtained

between b and p values with the magnitude of the

main event. This high correlation may be related to

the type of mechanism of the induced seismicity

present in the mine. However, the number of

sequences is not enough to establish final conclu-

sions. Moreover, a conditional space–time exclusion

zone based on the spherical radius (R*), TMC, and its

correlation with Mw,m have been proposed. Condi-

tionality is obtained by setting the highest value

between R* and SR, depending of the mechanism of

the induced seismicity.

A maximum expected aftershock magnitude was

estimated applying a modified Båth’s law, particular

to Ontario aftershock sequences. A direct application

of Båth’s law to the induced seismicity data is not

recommended. To obtain an uncorrelated value of

DMw with Mw,m, it is necessary to use an inferred

largest aftershock, estimated by Gutenberg–Richter’s

law. Finally, a value of DM�
w = 1.5 was used in this

study.

The concept of seismic decay curves was devel-

oped to provide information on the decay patterns of

an on-going sequence. With this family of decay law
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curves, it is possible to evaluate the path and decay

pattern of an induced aftershock sequence after a

large magnitude event. Also, considering the TMC, it

is possible to define a time after which it is safer to

return to production in the affected area.

Finally, the Reasenberg–Jones probability model

was applied to the seismic data, where the method-

ology proposed in this study presents results that are

more in agreement with seismicity in Ontario than the

methodology proposed by Reasenberg and Jones

(1989, 1994).

Based on these main results, this study is a major

development of re-entry protocols for mines, in

which the space–time of the exclusion zone, the

magnitude of the expected largest aftershock and its

probability to occur were considered.
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