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Sequence (ETAS) model as its end versions, consid-
ering also all intermediate models. The model was 
applied sequentially to data samples covering cumu-
lative periods of time, starting from the first 2 h after 
the main event and increasing them by 2 h until the 
period covered the entire 72-h sequence. For each 
sample, the best-fit RETAS version was identified and 
the probability of a M ≥ 0.5 aftershock for every next 
2 h was determined through Monte Carlo simulation. 
The feasibility of the resulting probability evolution 
for suspension and re-starting of the mining opera-
tions was discussed together with possible prospects 
for future development of the methodology.

Keywords Stochastic modeling · ETAS · RETAS · 
MOF · Mining seismicity

1 Introduction

The processes of blasting and ore extraction in under-
ground mines significantly disturb the local stress 
field in the surrounding rock mass, forming stress 
accumulation zones, which results in brittle fractur-
ing of the rock mass (induced seismicity). Although 
the seismic events in the mines are small compared 
to natural seismicity, they can pose hazard to the min-
ing infrastructure, operations, and safety of the work-
ers. To reduce the risk of injuries, some areas of the 
mines can be temporarily closed in case of increased 
seismicity or higher probability of larger seismic 

Abstract Aftershock series of even comparatively 
small seismic events can pose a risk to the mining 
operation or the personnel in deep underground mines 
as the main shocks and some of the aftershocks can 
cause damage in the rock mass. Stochastic modeling 
was applied in this study for the analysis of the tem-
poral evolution of aftershock occurrence probability 
during a M1.85 aftershock sequence in Kiirunavaara 
Mine, Sweden. The Restricted Epidemic-Type After-
shock Sequence (RETAS) model was chosen for 
estimation of the aftershock occurrence probabil-
ity. This model considers all events with magnitude 
above the magnitude of completeness M0 and has 
the advantage of including the Modified Omori For-
mula (MOF) model and Epidemic-Type Aftershock 
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events. The duration of aftershock sequences in the 
mines together with the short-term probability fore-
casting of strong aftershocks are among the seismic-
ity features considered for temporary closure of mine 
areas. In such cases, the question about the re-entry 
rules arises.

Different approaches to develop guidelines and 
subsequently re-entry protocols for mines have been 
in development in recent years, some of which are 
based on correlation between mining production and 
seismicity (Vallejos and McKinnon 2011). Other 
studies (Malek and Leslie 2006) investigate the rela-
tion between seismic risk and some seismicity param-
eters like seismic work, spatial clustering, and strain 
rate (see definitions in Vallejos 2010). Considering 
the essential influence of strong event magnitude 
on seismic risk in mines, Vallejos and Estay (2018) 
investigated the correlations between mining seis-
mic parameters and the magnitude of the main event. 
Mendecki et al. (2019) tested the concept that induced 
seismicity prior to relatively large mining tremor can 
be inferred from the cumulative Benioff strain release 
as power law time-to-failure before the strong event. 
Nordström et  al. (2020) examined the behavior of 
several short-term hazard indicators for Kiirunavaara 
Mine such as Seismic Activity Rate, Cumulative Seis-
mic Moment, Energy Index, etc. prior to an impend-
ing strong seismic event.

The single most important parameter that is 
monitored for re-entry purposes is the seismic-
ity rate (number of events per unit time). Studying 
changes in seismic activity in the mines and relat-
ing these changes to increased seismic risk are the 
main focus of many scientific studies. Some investi-
gations explore the change-point of linear trends of 
seismicity rate (Kubacki et  al. 2014). Other authors 
try to approach the seismic risk problem by examin-
ing blast-related mining sequences and the correlation 
between production and mining seismicity (Wood-
ward and Wesseloo 2015; Woodward et  al. 2017; 
Dineva and Boskovic 2017).

Similar to the natural earthquakes, some of the 
stronger mining-induced seismic events are followed 
by a temporary rise of seismicity rate (aftershocks). 
In mines, the aftershock rate gradually decays to 
background levels within hours to days. Although 
the magnitudes of the aftershocks are not large and 
the extent of aftershock area in the mine is relatively 
small, the rock mass in the vicinity of the main shock, 

which was already damaged or with decreased com-
petence, can be damaged further by the aftershocks. 
Observations showed that single events or aftershocks 
with magnitude as low as 0.5 can cause rock damage 
in Kiirunavaara Mine.

The decision for re-entry after closure is com-
monly based on the requirement for some monitored 
parameters to return to a previously defined back-
ground/normal level for a given time window. If the 
monitored parameter exceeds a pre-set threshold dur-
ing that time window, the re-entry clock is reset and 
the restriction continues. Re-entry rules for temporary 
closure and re-opening after large seismic events in 
mines were discussed in Vallejos and Estay (2018), 
Vallejos and McKinnon (2008), and Tierney and 
Morkel (2017). The probabilistic forecasting of natu-
ral seismicity is based on stochastic modeling of the 
aftershock sequence (Marzocchi and Lombardi 2009; 
Jordan et al. 2011; Marzocchi et al. 2012; Gospodinov 
et  al. 2015) and the same can apply to mining seis-
micity. These models are statistical fits of empirical 
functions to common patterns of aftershock sequences 
and regardless of whether they explain the underlying 
physics of the problem the patterns, which they fit, are 
valuable for re-entry protocol applications.

When considering stochastic modeling of after-
shock rate decay, the simplest and most widely 
applied model is the modified Omori formula (MOF; 
Utsu 1961) which is applicable both, for natural 
and mining-induced earthquakes. In this model, the 
main event controls the entire aftershock sequence. 
First, McGarr and Green (1978) applied it success-
fully to describe the duration and number of after-
shocks after two mine tremors. Later Spottiswoode 
(2000) established that post-blast seismicity (blast 
aftershocks) were in agreement with the MOF for 
eleven sequences in four different mines. Vallejos 
and McKinnon (2009) and Vallejos (2010) statisti-
cally demonstrated that the MOF model could be 
adequately used to describe the event decay rate of 
mining-induced aftershock sequences. The authors 
examined the application of several criteria, based 
on MOF, for preliminary estimate of the time, which 
may be considered appropriate to re-enter the mine 
area, among them (1) when a preset level in the 
MOF cumulative density function is reached; (2) 
when MOF rate decays to a previously defined rate 
level; and (3) when MOF curve reaches its maximum 
curvature.
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MOF, however, is not applicable for aftershock 
sequences, which include secondary excitations 
after strong aftershocks. For such more complex 
cases, Vallejos (2010) applied the Epidemic-Type 
Aftershock Sequence (ETAS) model, developed 
by Ogata (1988) and Ogata and Zhuang (2006), to 
model aftershock temporal evolution in mines. This 
model is based on a point process in which every 
event can produce its offspring of events and the 
model can be considered as an extension of a sin-
gle modified Omori’s formula. In his study, Vallejos 
(2010) set all ETAS model parameters as a-priori 
calculated site specific averages.

Reasenberg and Jones (1994) combined the MOF 
and Gutenberg and Richter (1944) scaling relations 
in a stochastic parametric model, which provides 
the possibility to assess the occurrence probability 
of either significant aftershocks or an event stronger 
than the main shock during time intervals following 
the main event. Vallejos (2010) used the Reasen-
berg and Jones model for mining seismicity to esti-
mate occurrence probabilities of aftershocks of one 
magnitude unit weaker than the main shock for sub-
sequent time intervals.

The ETAS model was used by Marzocchi and 
Lombardi (2009) and Marzocchi et  al. (2012) to 
perform true real-time prospective forecasts of nat-
ural seismicity rate for L’Aquila and Emilia earth-
quake sequences, respectively, with their model 
being calibrated on data before the main shock 
occurrence.

MOF and ETAS are based on two end assump-
tions, the first considering one trigger event (the 
main), and the second, assuming all aftershocks to 
be capable of inducing secondary events. In that way, 
these two models do not consider cases in which 
not all but only some stronger aftershocks control 
the rate decay process. This gap was covered by a 
model, offered by Gospodinov and Rotondi (2006) 
which presumes that only aftershocks above a certain 
magnitude level can trigger new events. The authors 
applied the model for natural seismicity to model 
aftershock activity after two sequences in Italy and 
Bulgaria. The model was named Restricted Epidemic-
Type Aftershock Sequence (RETAS) model due to its 
similarity to ETAS. Gospodinov et al. (2015) applied 
it also to examine the temporal evolution of the 
occurrence probability of strong aftershocks in the 
2014 Kefalonia aftershock sequence in Greece.

In the present study, we address two problems, 
one related to statistical modeling of the aftershocks 
of seismic events in underground mines and the sec-
ond one considering a possible approach to reduce 
seismic risk by optimizing the guidelines for devel-
oping re-entry protocols and applying this approach 
for the induced seismicity in Kiirunavaara Mine 
(Sweden). We resolve the first problem by perform-
ing RETAS model analysis sequentially on data sam-
ples covering cumulative periods of time from the 
first 2 h and increasing them by 2 h until the end of 
the 72-h sequence. At the end of each period, Monte 
Carlo model simulation of the best RETAS version is 
executed to allow the estimation of strong aftershock 
(M ≥ 0.5) occurrence probability for the upcoming 
2-h period. We consider the second problem by rea-
soning how the use of the temporal evolution of these 
probabilities can be applied as input for decision-
making to suspend and restart the mining operations.

2  Induced seismicity in Kiirunavaara Mine

Kiirunavaara (Kiruna) iron ore mine, owned by 
LKAB (Sweden), is one of the world’s largest under-
ground mines. Mining started in 1898 as an open 
pit mine. In mid-1950, the mine started a transition 
to underground mining using the sublevel caving 
method. The mine was declared seismically active in 
2008.

The mine experiences on average 5000 seismic 
events per day with magnitudes up to 2.4 according 
to the in-mine seismic system but on May 18, 2020 
a seismic event with Mw 4.2 occurred in the mine 
(Dineva et  al., 2022).  There are ~ 300 larger events 
(M > 1.5) recorded since 2008. The number of events 
with magnitude > 2 increased in the past 5 years. The 
Swedish National Seismic Network records the larg-
est of these events. Induced seismicity in the mine is 
related to re-distribution of the local stresses around 
the production levels and is concentrated around the 
current production levels and below them (Dineva 
and Boskovic, 2017), but there is also a large number 
of seismic events that is related to the caving of the 
hanging wall.

The seismic events are recorded automatically by 
the underground in-mine seismic system, delivered by 
IMS (Institute of Mine Seismology, www. imsei smolo 
gy. org). The number of the sensors (geophones with 

http://www.imseismology.org
http://www.imseismology.org
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natural frequencies of 4.5, 14, and a few of 30 Hz) in 
the underground seismic system changed with time 
and the increasing production depth. By the end of 
2020, the mine had the largest underground seismic 
system in the world with 256 operational geophones. 
All parameters of the seismic events are calculated 
routinely by IMS after semiautomatic picking of 
the P- and S-arrival times. The configuration of the 
underground seismic system allows to estimate the 
accuracy of the hypocenters with average error ~ 23 m 
(du Toit 2015). Dynamic source parameters are cal-
culated following a procedure similar to the one 
described by Nordström et  al. (2017) but using sys-
tematically data only for the 18–20 sensors closest 
to the event hypocenter. For events of concern, data 
from more sensors are used.

3  Data

Many of the larger events (M > 1.5) in the Kiiru-
navaara Mine are followed by aftershocks, which con-
tinue usually for hours but sometimes for days. The 
aftershocks occur in an area in the order of hundreds 
of meters around the main shock. A special study on 

the spatial distribution of the aftershocks and their 
relation to the Coulomb stress changes caused by the 
main shock was conducted for two events in the mine 
(Kozlowska et al. 2021).

One of the aftershock series studied by Kozlowska 
et al. (2021) was chosen also for testing the methodol-
ogy developed in the current study. The main event 
occurred on August 13, 2016, in one of the most 
seismically active blocks of the mine (Block #34). 
The main shock local magnitude calculated from 
the underground system was estimated to be 1.85. 
The estimation of the moment magnitude from the 
regional broadband seismic stations showed a much 
larger magnitude (M2.8). The underestimation of the 
magnitude was related to the limited frequency band 
of the sensors of the underground seismic system. 
For consistency of the current study, all magnitudes 
that are used are local magnitudes estimated by the 
underground seismic system. The already mod-
eled Coulomb stress changes showed an aftershock 
area ~ 200  m around the main shock. A sphere with 
this radius, centered on the main shock, was used to 
select the events in the current study (Fig. 1).

During the chosen period of time of 72  h, there 
were 408 events recorded with magnitudes from − 2.6 
to 0.8. Only the events in the footwall were selected 

a) b)

Fig. 1  Spatial distribution of the seismic events 200 m around 
the main shock during 72 h: a) 3D view facing NW with Lev-
els 1022 and 1165 (blue lines); b) horizontal projection (level 
1022). The red star shows a production blast ~ 38  h after the 
main event. Thin inclined blue lines in a) are the ore passes. 

The color and the size of the individual events correspond 
to the magnitude (see the legend). The main shock (yellow 
sphere) is at the center of the aftershock volume. The plots are 
made by mXrap software (Harris and Wesseloo 2015)
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for the study. The first aftershock occurred within a 
few seconds after the main event. In total, there were 
7 larger events with M > 0 up to 40 h after the main 
event (Fig. 2) at distances up to ~ 160 m. Within the 
72-h period, there was one production blast in the 
200-m sphere (see Figs. 1 and 2) ~ 38 h after the main 
event at distance ~ 50 m.

4  Considerations and approach for developing 
of re‑entry protocol for Kiirunavaara Mine 
(methodology)

Taking into account the vast variety of methods and 
approaches already used to model mining seismicity 
and to tackle re-entry problems, we decided to fol-
low several benchmarks in our investigation. It seems 
reasonable that when dealing with problems related 
to stopping and resuming mining activities, it is ade-
quate to use seismic parameters that are continuous 
over time. Variations in the values of these param-
eters below and above certain preselected levels 
could control the closure and re-entry in the mines. 

In our current investigation, we decided to consider 
the occurrence probability of large events in a min-
ing seismic sequence, which could increase seismic 
risk and necessitate mine area closure, as such a 
parameter.

For modeling the temporal decay of the cho-
sen aftershock sequence in Kiirunavaara Mine, we 
selected to apply the Restricted Epidemic-Type 
Aftershock Sequence (RETAS) model, developed 
by Gospodinov and Rotondi (2006) for natural seis-
micity based on the assumption that not all events in 
the sequence, but only aftershocks with magnitudes 
larger or equal to a chosen triggering magnitude 
threshold can induce secondary aftershocks. In fact, 
RETAS comprises a set of model versions, depending 
on the chosen magnitude threshold. It has the advan-
tage of including MOF and ETAS as its end versions 
and also considers all intermediate versions by verify-
ing all possible triggering magnitudes values. In addi-
tion to model a single aftershock sequence, RETAS 
has been applied to depict general seismicity for sev-
eral regions in Greece and proven to work well for 
some of them (Gospodinov et  al. 2007). This moti-
vated our choice of RETAS to analyze the selected 

Fig. 2  Time distribu-
tion (hours after the main 
event/trigger) of the hourly 
and cumulative number 
of seismic events within 
200 m for 72 h after the 
main shock on August 13, 
2016. The color and the 
size of the individual events 
along the cumulative plot 
correspond to the magni-
tude (see Fig. 1). The star 
at time 38 h represents a 
production blast within the 
sphere. The plot is made by 
mXrap software (Harris and 
Wesseloo 2015)
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sequence, although modeling of general seismicity 
remains beyond the scope of this study and is a sub-
ject of further investigations.

RETAS has also successfully been used to per-
form pseudo-prospective probability forecasts of 
strong aftershock occurrence in a seismic sequence 
in Greece for 30 subsequent days (Gospodinov 
et  al. 2015). Here we apply the same approach to 
estimate the probability evolution of large events in 
a chosen sequence in Kiirunavaara Mine. Our pur-
pose is not the elaboration of a precise re-entry pro-
tocol, but (1) addressing statistically how well the 
RETAS model can describe the aftershock decay 
rate of mining-induced seismicity and (2) adjust-
ing the methodology for estimating the occurrence 
probability of larger seismic events in mines. The 
applicability of the results for use in the frame of 
re-entry guidelines elaboration was carefully exam-
ined after this.

One of the first statistical models used to describe 
and analyze mining seismicity and to develop re-entry 
protocols is the modified Omori formula/model (Utsu 
1961). This model is useful for examining a particular 
aftershock sequence. It sets the decaying frequency of 
aftershocks per unit time, which is described to fol-
low a negative power law

where t is the time elapsed from the time of the main 
shock, K is a constant that depends on the total num-
ber of aftershocks in the sequence, p is a coefficient of 
attenuation, and c is a temporal shift. The frequency 
n(t) in Eq. (1) is identified with the intensity function 
of a point process.

For more complex aftershock sequences, Ogata 
(1988) introduced the idea of self-similarity into the 
MOF by extending the capacity of generating sec-
ondary events to every aftershock of a sequence. 
He called the model an Epidemic-Type Aftershock 
Sequence (ETAS) model, and its resultant rate den-
sity of aftershocks is given by

In this equation, μ is the background rate of 
seismic activity, ti is the occurrence time of the 
ith event, p is a coefficient of attenuation, and c is 

(1)n(t) =
K

(t + c)p

(2)𝜆(t|Ht) = 𝜇 +
∑
ti<t

K0e
𝛼(Mi−M0)

(t − ti + c)p

a constant. In this case, the history Ht consists of the 
times ti and magnitudes Mi of all the events which 
occurred before time t and the summation is taken over 
every ith aftershock with a magnitude stronger than the 
cutoff Mi ≥ M0, i.e., over all events in the sample.

The “triggered” seismicity in Eq.  (2) is repre-
sented by a superposition of the modified Omori 
functions shifted in time. The coefficient α in for-
mula (2) measures the magnitude efficiency of a 
shock in generating its aftershock activity and K0 
measures the productivity of the aftershock activ-
ity during a short period right after the main shock 
(Utsu 1970).

As mentioned previously, MOF and ETAS fail to 
consider sequences in which aftershocks are being 
triggered not by one event (the main shock) or by all 
events in the sequence, but only by some “trigger” 
shocks. Models to cover similar cases can be grouped 
according to a subset of such shocks, which may 
include randomly distributed events (Vere-Jones and 
Davies 1966) or previously identified (Ogata 2001).

For the RETAS model, developed by Gospodi-
nov and Rotondi (2006), primary events, as in Ogata 
(2001), are those of magnitude greater than or equal 
to a threshold magnitude Mth; however, contrary to 
Ogata (2001), the dependence of conditional inten-
sity on magnitude is like the one in ETAS; hence, the 
function of the conditional intensity of this model is

Here the summation occurs for all aftershocks 
with magnitude bigger than or equal to Mth , which 
occurred before time t. As can be seen, the model 
described by Eq.  (3) is quite similar to the ETAS 
model, with the restriction Mi ≥ Mth . For this rea-
son and for reasons of clarity, the authors named 
the model a Restricted Epidemic-Type Aftershock 
Sequence (RETAS) model. A specific feature of 
the RETAS model represented by Eq.  (3) is that it 
implies a possible interaction between aftershocks 
in a set, which allows each of them of magnitude 
Mi ≥ Mth to cause further shocks of subsequent 
generations. Events smaller than Mth , however, are 
excluded from the triggering process and are only 
considered as “offsprings.”

(3)
𝜆(t|Ht) = 𝜇 +

∑

ti < t

Mi ≥ Mth

K0e
𝛼(Mi−M0)

(t − ti + c)p
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By putting different values for the triggering mag-
nitude Mth in the range M0 ≤ Mth ≤ Mm , where Mm 
is the main event magnitude, a number of RETAS 
model versions can be verified. Gospodinov and 
Rotondi (2006) have also elaborated a Fortran pro-
gram to calculate the best-fit RETAS model param-
eters by maximizing the log-likelihood function

where [0, T] is the time period under study, during 
which N earthquakes occur at times ti(i = 1,… ,N) 
with a low magnitude cutoff M0 . The best version for 
certain data is identified by the smallest value of the 
Akaike information criterion (AIC) for each version

where k is the number of parameters used in the 
model and L is the likelihood function of the process 
(Akaike 1974). It has to be pointed out that for the 
marginal values of the triggering magnitude level 
Mth = Mm and Mth = M0 the RETAS model coincides 
with the MOF or the ETAS model, respectively. In 
that way by applying RETAS, we also verify these 
two models together with all intermediate cases. 
These advantages motivated us to apply RETAS in 
the present study. After identifying the best RETAS 
version for our data, we may apply the Reasenberg 
and Jones model (1994) as it allows to evaluate the 
occurrence probability evolution of a strong event in 
the sequence. According to this model, if the tem-
poral distribution is presented by MOF, the process 
intensity of magnitude M or larger is given by

Here t is the time since the occurrence of the main 
shock with magnitude Mm. For a non-stationary Pois-
son process, the probability P for at least one after-
shock of magnitude between M1 and M2, occurring in 
the period (T1, T2) after the main shock, is given by:

By merging Eqs. (6) and (7), this probability can 
be calculated analytically. As for the present study, 

(4)log L(�) =

N∑
i=1

log ��(ti |Ht
i
) − ∫

T

0

��(t|Ht
)dt

(5)AIC = −2maxlogL + 2k

(6)λ(t,M) = 10
a+b(Mm−M)(t + c)−p

(7)

P(M1,M2;T1, T2) = 1 − exp

⎡
⎢⎢⎣
−

M2

∫
M1

T2

∫
T1

�(t, M)dMdt

⎤⎥⎥⎦

we applied RETAS and not MOF only. There was 
only one sample in which the data followed the MOF 
formula as the best-fit model and we ran Eqs. (6) and 
(7) to calculate the occurrence probability. As for 
the other data samples, for which the best-fit model 
was another version of RETAS, different from MOF, 
instead of an analytical solution the number of events 
in Eq. (7) for the period (T1, T2) has been determined 
by a Monte Carlo simulation of RETAS for that 
period. Random simulations of RETAS have already 
been performed for natural seismicity analysis (Gos-
podinov and Rotondi 2006; Gospodinov et al. 2007). 
Papadimitriou et al. (2013), Karakostas et al. (2014), 
and Gospodinov et al. (2015) also apply model simu-
lation after RETAS, which allowed the successful 
estimation of the occurrence probabilities of strong 
aftershocks in several seismic sequences in Greece.

The simulation procedure for event times was first 
described by Gospodinov and Rotondi (2006) where 
they followed the thinning method (Ogata 1999). As 
for the size of each event, they have assumed that 
magnitude and occurrence time are independent and 
the magnitude follows an exponential distribution 
with a parameter � = bloge10 , where b is the param-
eter of the Gutenberg-Richter formula (1944). We 
executed the same procedure in our present analysis.

5  Results from the RETAS model analysis 
and occurrence probability forecasting of strong 
aftershocks

Following the main purpose of this paper which is to 
validate to what extent the occurrence probability of a 
strong aftershock in a sequence can be used to develop 
a re-entry protocol, we must be able to estimate this 
probability. That means that in some way we have to 
simulate a nearly real-time prospective analysis.

To test this idea, calculations of strong event 
occurrence probability were performed for subse-
quent periods in the magnitude range M = 0.5–1.85. 
The lower limit M=0.5 of the magnitude here was 
chosen, which is the lowest magnitude that caused 
damage in the mine. Following our purpose to ana-
lyze prospective forecasting, we performed calcula-
tions based on data up to the beginning of the forecast 
period.

Seismicity rate and hence the number of after-
shocks that will occur in a future forecast period 
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depends on both all events that occurred before the 
beginning of this period and aftershocks that would 
occur during the period. We do not have prior infor-
mation about these recent events and therefore they 
were simulated using the selected model. In our study, 
we chose the forecast period to be 2 h. The main idea 
in our analysis was to follow a situation in which 
the occurrence probability of strong aftershocks is 
predicted prospectively over the forecast period of 
time. To this end, several basic steps have been fol-
lowed. The entire catalog of the aftershock sequence 
was divided into subsequent sub-catalogs, each of 
which started from the beginning of the sequence and 
lasted 2 h longer than the previous one. The number 
of events N = 39 in the shortest first two-hour period 
is sufficient to correctly identify the best-fit RETAS 
version for that period. Each sub-catalog was ini-
tially analyzed by ZMAP (Wiemer 2001) to define 
its recurrence law parameters, mainly the b-value 

from the Gutenberg-Richter law and the magnitude of 
completeness, which is needed for the model simula-
tion. Then, by applying the RETAS model, the best-fit 
model version was identified for each sample. After 
that, a Monte Carlo simulation of the selected model 
was performed for the forecasted period of 2 h after 
the end time of each sub-catalog. The simulation is 
done at the beginning of the following 2-h period and 
it allows us to make an occurrence probability fore-
cast of strong aftershocks for that period (see Eq. (7)). 
By executing the above steps for all samples, we got 
the evolution of the occurrence probability for the 
subsequent 2-h periods, which cover the duration of 
the whole aftershock series.

We started our analysis by applying the RETAS 
model to the data for the entire examined period of 
72 h (3 days). First, the Gutenberg-Richter relation was 
obtained for all 408 events with magnitudes from − 2.6 
to 0.8 and the graph is revealed on Fig.  3. The 

Fig. 3  Gutenberg–Richter graph for the selected main shock-
aftershock series (200  m around the main shock within 72  h 
after it). The colored isolines correspond to the probability 

envelopes contour (see the legend). The plot is made by mXrap 
software (Harris and Wesseloo 2015)
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identified completeness magnitude was M0 =  − 1.7 
but it varied over time for the other sub-samples. To 
be sure that the data we explore contain all events 
that occurred and considering the fact that usually the 
magnitude of completeness is higher at the sequence 
onset, we decided to set this value to M0 =  − 1.4 for 
the 72-h data. For simplicity in the analysis, we later 
used the same magnitude of completeness for all sam-
ples. All events weaker than M0 for each correspond-
ing sample were excluded and the rest were analyzed 
through the RETAS model (the background rate was 
assumed to be zero for all samples).

From the magnitude distribution on Fig.  3, it 
turns out that the b-value (slope of the Gutenberg-
Richter graph) is 0.99 ± 0.06. A number of N = 139 
aftershocks have magnitudes larger or equal to M0 
for the total data and they were processed through 
RETAS. The minimum AIC value was obtained for 
triggering magnitude Mth = M0 (see Fig.  4a) that is 
the best-fit RETAS version coincides with ETAS.

We provide a picture of the aftershock sequence tem-
poral evolution by comparing the cumulative number of 
events with the predicted rate, calculated after the best-
fit RETAS version (see Fig. 4b). The expected cumula-
tive number of events Λ(S, t) in a certain period (S, t), 
as calculated by the model, can be obtained by Eq. (8):

(8)Λ(S, t) =

t

∫
S

�(v)dv

We can use Eq.  (3) to calculate the error bounds 
and hence the significance of deviations of real to 
model cumulative numbers. We have to point out 
that we assume μ = 0 for the aftershock sequence. As 
each term in the summation in Eq.  (3) represents a 
MOF process, then the total process depicted by this 
equation is a superposition of non-stationary Poisson 
processes. The resulting process is a non-stationary 
Poisson process itself and for such processes both 
the common mean and the variance are calculated by 
Eq.  (10) for S = 0 (Karlin and Taylor  1984). In this 
way, the latter equation provides a tool to estimate the 
standard deviation of the expected cumulative num-
ber by which we defined the error bounds. A similar 
approach was followed to define the error bounds 
when assessing the difference between the simulated 
and the real data for the two-hour periods.

On Fig. 4b, we exhibit the real (circles) and model 
(thick blue line) cumulative numbers for the entire 
data, calculated after the best-fit model. There real 
values stay within the error bounds except for the first 
hour of the sequence. There they slightly surpass the 
model curve, which can be interpreted as an indica-
tion of more intense clustering of strong shocks at the 
beginning of the sequence than expected if random.

There are several events with magnitudes greater 
than M = 0.0 at about 1.5–1.6  days after the main 
event (dashed ellipse on Fig.  4) which most prob-
ably are related to the production blast that took 
place at that time.

Fig. 4  a) AIC values (Eq.  (5)) vs triggering magnitude. The 
minimum AIC value is for Mth = M0 that is the best-fit model 
is ETAS; b) real (circles) and model cumulative number (thick 
blue line by Eq.  (10) for the total data sample. Real data val-

ues are fitted well by the identified model staying within the 
model error bounds (dashed lines) except for the first hour of 
the sequence.
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Applying the defined steps to all data samples 
from two hours to 72 h, we first recognized the best-
fit RETAS version for each of them (see Table  1 
and the electronic supplement). Plots of AIC vs. the 
triggering magnitude Mth for the obtained different 
RETAS model versions for all 36 data samples were 
presented as an electronic supplement (the mini-
mum AIC value there recognizes the best RETAS 
version).

All b-values of the G-R law for different sam-
ples were also estimated by the ZMAP software 

Table 1  Results from the RETAS analysis performed for the 
data samples at the end of each 2-h period (b-value is from the 
G-R law and p-value is from Eq.  (5), respectively). The last 
column presents the estimated 2-h probabilities for aftershock 
occurrence

Time of forecast 
after main shock 
(hours)

b-value Best-fit model Two-hour 
probability 
(M0.5–M1.85)

p-value Mth

2 0.887 MOF 0.576
3.00 1.85

4 0.919 RETAS 0.107
2.06 − 0.69

6 0.925 RETAS 0.03
1.41 − 1.18

8 0.949 RETAS 0.079
1.22 − 0.69

10 0.829 RETAS 0.040
1.12 − 0.69

12 0.855 RETAS 0.082
1.15 − 0.69

14 0.923 RETAS 0.043
1.10 − 0.69

16 0.933 RETAS 0.043
1.12 − 0.64

18 0.933 RETAS 0.0256
1.12 − 0.64

20 0.951 RETAS 0.023
1.18 − 0.64

22 0. 787 ETAS 0.014
1.08 − 1.4

24 0. 799 ETAS 0.073
1.03 − 1.4

26 0. 940 ETAS 0.076
0.94 − 1.4

28 0.928 ETAS 0.045
0.90 − 1.4

30 0. 929 ETAS 0.063
0.85 − 1.4

32 0.933 ETAS 0.067
0.85 − 1.4

34 0. 934 ETAS 0.056
0.86 − 1.4

36 0. 933 ETAS 0.059
0.84 − 1.4

38 0. 912 ETAS 0.062
0.84 − 1.4

40 0. 852 ETAS 0.064
0.83 − 1.4

Table 1  (continued)

Time of forecast 
after main shock 
(hours)

b-value Best-fit model Two-hour 
probability 
(M0.5–M1.85)

p-value Mth

42 0. 833 ETAS 0.145

0.81 − 1.4
44 0.832 ETAS 0.159

0.81 − 1.4
46 0.833 ETAS 0.157

0.81 − 1.4
48 0. 832 ETAS 0.110

0.82 − 1.4
50 0. 825 ETAS 0.138

0.81 − 1.4
52 0. 831 RETAS 0.126

0.81 − 1.4
54 0. 830 RETAS 0.117

0.81 − 1.4
56 0. 831 ETAS 0.092

0.80 − 1.4
58 0. 831 ETAS 0.092

0.80 − 1.4
60 0. 849 ETAS 0.101

0.81 − 1.4
62 0. 872 ETAS 0.065

0.83 − 1.4
64 0. 869 ETAS 0.092

0.83 − 1.4
66 0. 875 ETAS 0.074

0.83 − 1.4
68 0. 875 ETAS 0.072

0.83 − 1.4
70 0. 873 ETAS 0.081

0.84 − 1.4
72 0. 879 ETAS 0.058

0.84 − 1.4
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(Wiemer 2001) as they are important considering 
the magnitude distribution of the events from each 
sample and hence the occurrence probability calcu-
lation (Eq. (7); see Table 1).

The identified triggering magnitudes Mth vs. time 
were plotted in Fig.  5. The observed Mth variabil-
ity for the data samples (see also Table  1) reveals 
a complete change of the rate decay pattern, hence 
the clustering pattern, during the sequence evolu-
tion. The best-fit model for the first 2-h period is 
MOF; then, the model changes to RETAS for the 
next several data samples with Mth ∈ [− 0.7, − 1.18] 
and after the 20th hour of the sequence the best-fit 
model shifts to ETAS and remains so until the end 
of the aftershock sequence.

In fact, the obtained diverse best-fit models for 
different data samples show the advantage of using 
a model like RETAS compared to ETAS and MOF 
models, as the one to offer a set of possible ver-
sions, adequate to each specific data.

One of the key purposes of this paper is to verify 
the applicability of RETAS to model the temporal 
evolution of a mining seismicity sequence allowing 
the calculation of strong event occurrence probabil-
ity in it. Based on the chosen RETAS version for 
each data sample, we simulated the best-fit model 
for the next 2-h period after the sample. The simula-
tion was done within a certain magnitude range, the 
lower limit being equal to the determined M0 and 
the upper limit equal to the main event magnitude.

To forecast the aftershock rate for the 2 h after the 
time to which the corresponding data sample was 

prepared, we had to consider all events in the sample, 
which were stronger than or equal to the magnitude 
threshold Mth and the ones that would occur dur-
ing the next 2 h. The latter events were obtained by 
Monte Carlo simulation of the selected best-fit model. 
For each forecast 1000 different synthetic 2-h cata-
logs were simulated by following the thinning method 
(Ogata 1999). The seismic rate was estimated by tak-
ing the average value. Considering the fact that for 
this process the mean and the variance coincide, we 
calculated the standard deviation and used it to form 
the error bounds. The estimated average was then 
inserted to Eq.  (7), and by integrating in the magni-
tude range (M0.5–M1.85), we calculated the occur-
rence probability of at least one event in this range.

On Fig.  6, we displayed the estimated 2-h occur-
rence probabilities of M0.5–M1.85 aftershocks in the 
examined mining sequence, estimated on the basis 
of the identified best-fit model (thick red line). Real 
activity (circles) for each 2 h, turned into probability, 
was plotted, too. The latter was calculated by placing 
the actual number of occurred aftershocks for a given 
forecast period in Eq. (7) and the corresponding prob-
ability is obtained after the period is over.

There we have also exhibited the calculated 
occurrence probabilities, based not on the identi-
fied best-fit RETAS version for each sample, but 
only on MOF. We considered two cases—MOF 

Fig. 5  Change of the triggering magnitude Mth, hence the 
aftershock clustering pattern with time for different data sam-
ples

Fig. 6  Evolution of aftershock occurrence probability (M0.5–
M1.85). Thick red line shows the estimated probability for 
each two hours following the simulated best-fit model. Dashed 
lines reflect the estimated probability following the MOF for-
mula as follows: (1) with estimated parameters for the first 
two hours only (lower green dashed line); (2) with estimated 
parameters for the subsequent data samples (upper blue dashed 
line). Red circles display the calculated probability on the basis 
of the real number of occurred events for each 2 h
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models on data only for the first 2  h (lower dashed 
line on Fig. 6) and on the subsequent data sets (upper 
dashed line on Fig.  6). For the first case, the MOF 
model fails to fit well real data. For the second case, 
the model (in fact a set of subsequent MOF models) 
is nearer to real values, but still cannot capture the 
secondary activation in the 1.5–2-day period of the 
sequence while the RETAS model versions cover this 
rate increase quite well. During this period of time at 
about the 38th hour, there was a production blast.

The secondary probability increase on Fig.  7, 
forecasted by RETAS and starting at about 1.6 days 
after the main shock, is quite probably related to the 
production blast which could be the cause of several 
strong aftershocks, taking place at that period (see 
Fig. 4).

In fact all the analysis that we performed up to 
now was aiming at validating the applicability of 
the RETAS model to represent the temporal pro-
gress of a mining-induced aftershock sequence and 
to estimate the occurrence probability progress of 
strong aftershocks in the sequence.

We now face the key question of how to use the 
results obtained to develop guidelines for re-entry 
protocols development for the mines. Let focus on 
Fig.  7 where we display the estimated occurrence 
probability of strong aftershocks (M0.5–M1.85) in 
the sequence together with the error bounds.

Let us imagine that in some way we have deter-
mined a limit value of the estimated probability of 
a strong aftershock (in Fig. 7, we have chosen quite 

arbitrarily this value to be 0.1), over which there is a 
good reason to cease activity in the mine (or in part 
of it) and to evacuate workers. Then, the approach 
we have examined so far allows, at a given moment, 
based on the seismicity that has already occurred and 
the possible simulated one for the forecast period, to 
determine the occurrence probability and to decide 
whether the calculated probability exceeds the limit. 
In our case that was done for each 2 h, this period can 
easily be changed. We consider as an advantage of the 
RETAS model approach that the identified “alarm” 
period in Fig.  7 (1.5–2  days from the beginning) is 
a period with really increased seismic activity. The 
approach we use depends on a number of external 
parameters (“alarm” probability, magnitude range of 
events whose probability is being estimated, magni-
tude of completeness, forecasting period, etc.) that we 
will discuss in the next section.

6  Discussion and outlook

As shown in the previous sections, the probability 
evolution of strong aftershocks in time may be used to 
assess seismic hazard and decide when to close and re-
open specific mine areas. This probability depends on 
different aspects, the applied stochastic model being 
one of the most important ones. The MOF model is the 
easiest to be used for this purpose because the history 
of the process includes only the main event occurrence 
time and combining Eq. (6) and Eq. (7) directly allows 
to calculate the needed occurrence probability without 
any necessity to simulate the model. MOF, however, 
is only applicable to the so-called simple aftershock 
sequences which are few among all series that occur 
and not relevant to model overall mining seismicity.

ETAS is an alternative of MOF for complex after-
shock sequences and can be used for occurrence prob-
ability calculation by its simulation for the forecasted 
period but it is only one marginal version of RETAS 
and is less appropriate for cases when the clustering 
pattern changes during the sequence progress. As it 
is revealed in Fig. 5 and Table 1, being a set of differ-
ent versions, the RETAS model provides a possibil-
ity to follow changes in the clustering type. Follow-
ing Fig. 5, one can find that for the first two hours of 
the sequence the best-fit model is the MOF one. Our 
explanation of this result is that the clustering pattern 
in time during this period was mainly controlled by 

Fig. 7  Evolution of aftershock occurrence probability (M0.5–
M1.85). Thick blue line shows the estimated probability for 
each 2  h following the simulated best-fit model. Lower and 
upper dashed lines reflect the calculated error bounds consider-
ing that for Poisson processes the mean and the variance are 
equal
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the stress changes due to the coseismic slip of the first 
main event. Then, the clustering type changes and 
starts following the RETAS model (for the next data 
samples up to the time period of 20 h), which reveals 
that the randomness in clustering increased. After 
that, clustering in the sequence becomes even more 
random the data temporal evolution being modeled 
best by ETAS. In these cases, the AIC plots start to 
change more slowly because much less events occur 
in the following 2-h periods. We want to emphasize 
that it is the application of the RETAS model that 
has enabled the possibility to capture the clustering 
pattern variation of the sequence (Figs. 5 and 6 and 
Table  1). Generalizing our results on the stochastic 
modeling part of the occurrence probability estima-
tion, we conclude that RETAS is applicable to iden-
tify the model version, which is best fitting a certain 
mining-induced aftershock sequence and in that way 
to provide adequate grounds for subsequent prob-
ability calculations of strong events occurrence in a 
sequence. As a model RETAS is relatively good to 
forecast seismicity rate and thus the occurrence prob-
ability evolution (see Fig.  7), but is not principally 
adept for predicting the occurrence of a certain large 
event (see also Marzocchi and Lombardi 2009).

The occurrence probability depends also on other 
parameters as the magnitude of completeness M0 and 
the upper and lower magnitude limits for the model 
simulation. The choice of the lower limit is rather a 
technical problem, related to the network detectabil-
ity and here is set to be equal to the completeness 
magnitude, M0. As M0 varies over time, in our analy-
sis, we chose its value to be M0 =  − 1.4 for all data 
samples for the sake of simplicity. The upper magni-
tude, needed for the simulation, is a matter of choice, 
which in our study is equal to the main event magni-
tude but its selection could also be set based on the 
seismicity history of the examined mine area and the 
information about the geomechanical settings of the 
examined volume.

As we already mentioned, past seismicity has been 
used for operational purposes (forecasting) for natural 
seismicity. Jordan et  al. (2011) generalized different 
aspects of operational earthquake forecasting, also 
based on continuous probability calculations as in our 
study. What makes a difference in our approach is the 
application of the RETAS model, which increases the 
number of model versions (keeping MOF and ETAS 
as end cases).

In our investigation, we chose 2-h forecasting 
periods of the occurrence probability. On the one 
hand, the forecast period should be short due to the 
fast dynamics of the processes and the need for a 
corresponding reaction of the operational staff who 
decides to restrict/allow the access to certain areas 
in the mine. On the other hand, this period should 
be long enough to suit the actual situation in the 
mine where certain time is needed to perform sus-
pension or re-entry operations.

When analyzing the 2-h occurrence probability, 
we have to bear in mind that it was calculated after 
the addition rule in probability theory, which means 
that this is the total probability for the next 2 h. In 
fact, the forecast is for a probability of at least one 
event in the considered magnitude range for the 
entire period of the following 2 h, which means that 
for a shorter period this probability would be dif-
ferent. We may tune our algorithm and software on 
a different probability forecasting period (e.g., 4 h) 
and perform model simulation after each new event 
that occurred to follow the probability evolution in 
more details.

This is the first time RETAS model was used to 
analyze and forecast mining seismicity. The outlook 
for its further utilization concerning seismicity rate 
modeling and its application for re-entry protocol 
elaboration addresses several issues which must be 
considered.

The choice of an appropriate value of the limit 
occurrence probability over which it would be rea-
sonable to temporarily suspend the activity in the 
mine or part of it is beyond the scope of the present 
study. However, this value is crucial when discussing 
the possible mine closure rules; therefore, it deserves 
a special attention. In our study, we have arbitrarily 
chosen this value to be 0.1. The choice of the limit 
probability will most probably be empirically based 
on the level of the background seismicity. Additional 
case studies are required to define the probability 
parameter and also to establish some similarities and 
variations between the series and more practical rules 
for using in real time.

There is one more issue related to the use of 
mining-induced seismicity as a basis for occurrence 
probability estimation and from there to re-open-
ing protocol development. For natural seismicity, 
RETAS is based on the assumption that seismicity 
rate at a certain time during an aftershock sequence 
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is controlled by the main event and other aftershocks 
that have occurred previously hence the latter influ-
ence occurrence probabilities of future seismic 
events. Aftershock process history, including event 
magnitudes and times (see Eq. (3)) seems enough to 
fit well crustal seismicity on which we have full data 
about magnitudes. However, the seismicity in mines 
is more complex. Seismicity rate within an aftershock 
sequence could be affected not only by the main 
event and previously occurred aftershocks but also by 
changes with time due to mining activities and most 
importantly blasts. While our present search revealed 
that RETAS is applicable to model both a single 
aftershock sequence and eventually overall seismicity, 
we cannot successfully use it for the latter case unless 
we find a way to include the post-blasts seismicity in 
the whole seismicity-induced process.

Stochastic modeling and probabilistic forecasting 
of continuous seismicity in mines, which can be used 
as a basis for re-entry protocol considerations, is a 
challenging task and it necessitates the application of 
RETAS not only on aftershocks but also to model gen-
eral seismicity. The model could be applied on data, 
covering time periods much longer than an aftershock 
sequence. Such an objective requires the consideration 
also of the spatial distribution of events, which makes 
the development of a spatial extension of the RETAS 
model a requisite and practical purpose.

Funding Open access funding provided by Lulea University 
of Technology. Funding for the study was provided by SIP-
STRIM (Vinnova), project no. 2016–0269 and CAMM – Cen-
tre for Advanced Mining and Metallurgy (Sweden).

Declarations 

Conflict of interest The authors declare no competing inter-
ests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Akaike H (1974) A new look at the statistical model identifica-
tion. IEEE Trans Autom Control 19:716–723

Dineva S, Boskovic M (2017) Evolution of seismicity at Kiirunavaara 
Mine. Deep Mining 2017: Eighth International Conference on 
Deep and High Stress Mining – J Wesseloo (ed.), Australian 
Centre for Geomechanics. Perth. ISBN 978–0–9924810–6–3. 
https:// papers. acg. uwa. edu. au/p/ 1704_ 07_ Dineva/

Dineva S, Dahner C, Malovichko D, Lund B, Gospodinov 
D, Piana Agostinetti N, Rudzinski L (2022) Analysis of 
the magnitude 4.2 seismic event on May 18, 2020 in the 
Kiirunavaara mine, Sweden, Proceedings of RaSiM 10 
-Rockbursts and Seismicity in Mines, April 24–29, 2022, 
Tucson, Arizona, 16 pp

Gospodinov D, Rotondi R (2006) Statistical analysis of trig-
gered seismicity in the Kresna Region of SW Bulgaria 
(1904) and the Umbria-Marche Region of Central Italy 
(1997). Pageoph 163:1597–1615

Gospodinov D, Papadimitriou E, Karakostas V and Rangue-
lov B (2007) Analysis of relaxation temporal patterns in 
Greece through the RETAS model approach. Phys Earth 
Planet Interiors 165/3-4:158-175https:// doi. org/ 10. 1016/j. 
pepi. 2007. 09. 001

Gospodinov D, Vassilios K, Papadimitriou E, (2015) Seis-
micity rate modeling for prospective stochastic fore-
casting: the case of 2014 Kefalonia, Greece, seismic 
excitation. Nat Hazard 79(2) https:// doi. org/ 10. 1007/ 
s11069- 015- 1890-8

Gutenberg B, Richter CF (1944) Frequency of earthquakes in 
California. Bull Seismol Soc Am 34:185–188

Harris PC, Wesseloo J (2015) mXrap software, version 5. Aus-
tralian Centre for Geomechanics, The University of West-
ern Australia. Perth. http:// www. mXrap. com

Jordan TH, et  al. (2011) Operational earthquake forecasting; 
state of knowledge and guidelines for utilization, report by 
the International Commission on Earthquake Forecasting 
for Civil Protection. Ann Geophys54https:// doi. org/ 10. 
4401/ ag- 5350

Karakostas VG, Papadimitriou EE, Gospodinov D (2014) Mod-
eling the 2013 North Aegean (Greece) seismic sequence: 
geometrical and frictional constraints, and aftershock prob-
abilities. Geophys J Int. https:// doi. org/ 10. 1093/ gji/ ggt523

Karlin S and Taylor HM (1984) An introduction to stochastic 
modeling, Academic Press, 399 pp.

Kozlowska M, Orlecka-Sikora B, Dineva S, Rudzinski L, 
Boskvic M (2021) What governs the spatial and tempo-
ral distribution of aftershocks in mining-induced seismic-
ity: insight into the influence of coseismic static stress 
changes on seismicity in Kiruna Mine. Bulletin of Seis-
mological Society of America, Sweden. https:// doi. org/ 10. 
1785/ 01202 00111

Kubacki T, Koper KD, Pankow KL and McCarter MK (2014) 
Changes in mining-induced seismicity before and after the 
2007 Crandall Canyon Mine collapse. JGR Solid Earth 
119:4876–4889 https:// doi. org/ 10. 1002/ 2014J B0110 37

Malek F, Leslie I (2006) Using seismic data for rockburst re-entry 
protocol at INCO’s Copper Cliff North Mine. In Golden 
Rocks 2006, The 41st US Symposium on Rock Mechanics 
(USRMS), Paper ARMA/USRMS 06–1163. OnePetro

http://creativecommons.org/licenses/by/4.0/
https://papers.acg.uwa.edu.au/p/1704_07_Dineva/
https://doi.org/10.1016/j.pepi.2007.09.001
https://doi.org/10.1016/j.pepi.2007.09.001
https://doi.org/10.1007/s11069-015-1890-8
https://doi.org/10.1007/s11069-015-1890-8
http://www.mXrap.com
https://doi.org/10.4401/ag-5350
https://doi.org/10.4401/ag-5350
https://doi.org/10.1093/gji/ggt523
https://doi.org/10.1785/0120200111
https://doi.org/10.1785/0120200111
https://doi.org/10.1002/2014JB011037


J Seismol 

1 3
Vol.: (0123456789)

Marzocchi W, Lombardi A-M (2009) Real-time forecasting fol-
lowing a damaging earthquake. Geophys Res Lett. https:// 
doi. org/ 10. 1029/ 2009G L0402 33

Marzocchi W, Murru M, Lombardi A-M, Falcone G, Console 
R (2012) Daily earthquake forecasts during the May–June 
2012 Emilia earthquake sequence (northern Italy). Ann 
Geophys 55:561–567

McGarr A, Green RE (1978) Microtremor sequences and tilt-
ing in a deep mine. Bull Seismol Soc Am 66:1679–1697

Mendecki MJ, Wojtecki Ł, Zuberek WM (2019) Case stud-
ies of seismic energy release ahead of underground coal 
mining before strong tremors. Pageoph 176:3487–3508. 
https:// doi. org/ 10. 1007/ s00024- 019- 02144-0

Nordström E, Dineva S, Nordlund E (2017) Source param-
eters of seismic events potentially associated with dam-
age in Block 33/34 of the Kiirunavaara Mine (Sweden). 
Acta Geophys 65:1229–1242. https:// doi. org/ 10. 1007/ 
s11600- 017- 0066-1

Nordström E, Dineva  S, Nordlund E (2020) Back analysis of 
short-term seismic hazard indicators of larger seismic 
events indeep underground mines (lkab, kiirunavaara 
mine, sweden). Pure Appl Geophys 177(2):763–785

Ogata Y (1988) Statistical models for earthquake occurrences 
and residual analysis for point processes. J Am Stat Assoc 
83:9–27

Ogata Y (1999) Seismicity analysis through point-process 
modeling: a review. In Seismicity Patterns, Their Statis-
tical Significance and Physical Meaning (eds. M. Wyss, 
K. Shimazaki, and A. Ito). (Birkhauser, Basel 1999). 
Pageoph 155:471–507

Ogata Y (2001) Exploratory analysis of earthquake clus-
ters by likelihood-based trigger models. J Appl Probab 
38A:202–212

Ogata Y, Zhuang J (2006) Space-time ETAS model and an 
improved extension. Tectonophysics 413:13–23

Papadimitriou EE, Gospodinov D, Karakostas VG, Astiopoulos 
A (2013) Evolution of the vigorous 2006 swarm in Zakyn-
thos (Greece) and probabilities for strong aftershocks 
occurrence. J Seismol 17:735–752

Reasenberg P, Jones LM (1994) Earthquake aftershocks: 
update. Science 265:1251–1252

Spottiswoode S (2000) Aftershocks and foreshocks of mine 
seismic events. 3rd International Workshop on the Appli-
cation of Geophysics to Rock and Soil Engineering, Geo-
Eng2000, Melbourne, Australia

Tierney SR, Morkel IG (2017) The optimisation and com-
parison of re-entry assessment methodologies for use in 
seismically active mines. In: J Wesseloo (ed.), Proceed-
ings of the Eighth International Conference on Deep and 
High Stress Mining. Australian Centre for Geomechanics, 
Perth, pp. 183–196

du Toit C (2015) New location-dependent apparent velocity 
model at Kiruna Mine IMS report, Document number 
KIR-REP-VEL-201504-CDTv1 (internal report)

Utsu T (1961) A statistical study of the occurrence of after-
shocks. Geophys Mag 30:521–605

Utsu T (1970) Aftershocks and earthquake statistics (II): fur-
ther investigation of aftershocks and other earthquake 
sequences based on a new classification of earthquake 
sequences. J Fac Sci Hokkaido Univ Ser VII (Geophys) 
3:198–266

Vallejos JA (2010) Analysis of seismicity in mines and devel-
opment of re-entry protocols. PhD thesis, Queen’s Univer-
sity, Canada

Vallejos J & McKinnon S (2008) Guidelines for the develop-
ment of re-entry protocols in seismically active mines. In 
The 42nd US Rock Mechanics Symposium (USRMS). 
OnePetro

Vallejos JA, McKinnon SD (2009) Re-entry protocols for seis-
mically active mines using statistical analysis of after-
shock sequences. In: Rock Engineering in Difficult Condi-
tions. Proceedings of the 20th Canadian Rock Mechanics 
Symposium, Toronto, Canada, paper 4028

Vallejos JA, McKinnon SD (2011) Correlations between min-
ing and seismicity for re-entry protocol development. Int 
J Rock Mech Min Sci 48:616–625. https:// doi. org/ 10. 
1016/j. ijrmms. 2011. 02. 014

Vallejos JA, Estay R (2018) Seismic parameters of mining-
induced aftershock sequences for re-entry protocol 
development. Pageoph 175:793. https:// doi. org/ 10. 1007/ 
s00024- 017- 1709-5

Vere-Jones D, Davies RB (1966) A statistical survey of earth-
quakes in the main seismic region of New Zealand, Part 
2, Time Series Analyses. NZ J Geol Geophys 9:251–284

Wiemer S (2001) A software package to analyze seismicity: 
ZMAP. Seismol Res Lett 72:373–382

Woodward K, Wesseloo J (2015) Observed spatial and tempo-
ral behavior of seismic rock mass response to blasting. J 
South Afr Inst Min Metall 115(11):1044–1056

Woodward KR, Potvin Y, Wesseloo J (2017) The spatial and 
temporal assessment of clustered and time-dependent 
seismic responses to mining. In J. Wesseloo (Ed.), Deep 
Mining 2017: Proceedings of the Eighth International 
Conference on Deep and High Stress Mining (pp. 157–
172). Australian Centre for Geomechanics, Perth, WA

Publisher’s note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1029/2009GL040233
https://doi.org/10.1029/2009GL040233
https://doi.org/10.1007/s00024-019-02144-0
https://doi.org/10.1007/s11600-017-0066-1
https://doi.org/10.1007/s11600-017-0066-1
https://doi.org/10.1016/j.ijrmms.2011.02.014
https://doi.org/10.1016/j.ijrmms.2011.02.014
https://doi.org/10.1007/s00024-017-1709-5
https://doi.org/10.1007/s00024-017-1709-5

	On the applicability of the RETAS model for forecasting aftershock probability in underground mines (Kiirunavaara Mine, Sweden)
	Abstract 
	1 Introduction
	2 Induced seismicity in Kiirunavaara Mine
	3 Data
	4 Considerations and approach for developing of re-entry protocol for Kiirunavaara Mine (methodology)
	5 Results from the RETAS model analysis and occurrence probability forecasting of strong aftershocks
	6 Discussion and outlook
	References


