
The probabilistic seismic hazard analysis (PSHA) is a standard tool to estimate possible impacts of future earthquakes. 
Mining induced seismicity can also be a source of strong ground motion. The strongest events from copper mines in 
Legnica-Glogow Copper District in Poland, though still weak in comparison to earthquakes, gave rise to peak ground 
acceleration as high as 0.2g and more. Differences between mining induced and natural seismic events, due to the link 
of the former to mining, mean, however, that the classic scheme of PSHA cannot be readily applied to induced seismicity 
problems. We have modified PSHA to take into account the facts that the seismic source zones in mines are transient and 
that the source size distribution is strongly non-linear. The final result of the analysis is a strong motion prediction related 
to a prescribed time period in the future. The modified PSHA is successfully applied in Poland to mitigate seismic risk 
posed by mining events. This paper presents the procedure and an example of its application for determining the design 
ground motion for a flotation wastes repository enlargement. 
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1 INTRODUCTION
According to the classic definition, a seismic hazard is any 
physical phenomenon associated with earthquake that has 
the potential to produce a loss (Aki and Lee, 2003). Since 
our present state of knowledge on the seismicity process 
is incomplete, we are forced to treat seismic events and 
their effects as partially random phenomena. As a result a 
preferred, though not exclusive, way to quantify the seismic 
hazard is a probabilistic approach (Cornell, 1968), in which 
the potential for strong ground motion or other hazardous 
effects is expressed in terms of the exceedance probability in 
a prescribed period. These potential results from properties 
of source, path and site (e.g. Cornell, 1968; Reiter, 1991; 
McGuire, 1993), are also assumed as probabilistic.

PSHA procedures for natural seismicity fill a generally 
accepted, four step scheme (e.g. Reiter 1991), namely:

• dividing the studied active region into source zones 
of statistically homogeneous seismic activity,

• evaluating probabilistic characteristics of the source 
zones,

• identifying local attenuation relations for the studied 
region,

• converting the probabilistic characteristics of 
seismicity through the attenuation relation into the 
exceedance probability of ground motion parameters 
at given points of the surface.

Unlike the earthquake process, the strain accumulation in 
mines, partially controlled by mining works, is time varying. 
Rockmass fracturing in an active zone is stationary unless 
conditions responsible for this process change. Activity 
of zones ceases after the mining operations to which the 
zones are linked, are terminated. New zones will appear at 
locations where mining commences. Hence, the source zones 
in mines are finite in both space and time and the seismic 
hazard no longer depends solely on the duration over which 
it is evaluated, but is also related to a specified time interval. 
However, the above scheme of PSHA cannot be readily 
applied to induced seismicity problems. 

On the other hand, mining induced seismic events can 
also cause strong ground motion. In Poland’s Legnica-

Glogow Copper District (LGCD), underground copper ore 
exploitation is accompanied by intense seismic activity. The 
strongest events, of magnitude more than 4, are still weak 
compared to earthquakes but have been capable of producing, 
in the epicentral region, a peak ground acceleration (PGA) of 
0.2g or more. Moreover, in both the LGCD as well as in the 
Upper Silesian Coal Basin, the other region in Poland prone 
to mining induced seismicity, the seismic activity occurs 
directly beneath urbanized and industrialized areas.

Responding to growing needs, we have modified the 
classic PSHA to be applicable in mining induced seismicity 
problems (e.g. Lasocki, 2001a; Lasocki and Orlecka-Sikora, 
2002a,b). Results of the analysis are, in this case, predictions 
related to a prescribed time period in the future. The modified 
PSHA has been successfully applied to a number of problems 
of mitigating seismic risk posed by mining events. In this 
paper we outline the method and provide one example of 
its application to an actual practical problem from the LGCD 
area.

2 PSHA FOR MINING INDUCED SEISMICITY
Due to the transient character of source zones induced by 
mining, the PSHA scheme must be modified. The adjusted 
scheme comprises the following six steps:

• identifying source zones active in the past and 
determining their locations and times of activity,

• evaluating probabilistic characteristics for the zones 
active in the past,

• predicting locations and times of activity of the zones 
that will be active in the future time period under 
evaluation,

• predicting probabilistic characteristics of the future 
zones,

• identifying local attenuation relations for the studied 
region,

• converting the probabilistic characteristics of future 
zones’ seismicity, through the attenuation relation, 
into the exceedance probability of ground motion 
parameters at given points of the surface in the period 
under evaluation.
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Seismic Hazard and Risk (1) 

2.1 Identifying Source Zones Active in the 
Past and Determining Their Probabilistic 
Characteristics

Numerous and, in general, correctly parameterised mining 
seismic catalogues form an advantageous environment 
for PSHA in mining induced seismicity. Through analyses 
of these catalogues, one can unequivocally separate the 
source zones that were active in the past. Such a past zone is 
delineated by the area over which the events clustered and 
by the time period in which the seismic activity was more or 
less uniform (Orlecka-Sikora and Lasocki, 2002). 

Probabilistic characteristics of the past zones are required 
in order to estimate the characteristics of source zones that 
are expected to activate in the future. Three probabilistic 
distributions of seismic parameters are needed in PSHA 
viz. the distributions of event occurrence frequency, event 
epicentre and source size. It is assumed that in the source 
zone, regardless of whether past or future, these distributions 
are unique and remain unchanged. 

The distribution of the number of events in a constant time 
period (the event occurrence frequency) in a time-space zone 
is modelled by the Poisson’s distribution. The probability of 
occurrence of r events during time period of D units is given 
by:
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where λ is a distribution parameter estimated by the mean 
event rate.

In classic PSHA, it is usually assumed that epicentre 
locations are controlled by the uniform distribution over the 
source zone area. Such an assumption obviously disagrees 
with observed epicentre distributions in mines. Besides, 
it can unnecessarily complicate the practice of PSHA use. 
Therefore to represent the distributions of epicentre locations 
in past zones we accept the uniform distribution, discrete in 
the observed epicentres:
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where ntot is the number of events that occurred in the zone, 
(xi, yi) are epicentre coordinates of these events and δ(•, •) is 
the two-dimensional Dirac’s delta.

In Poland, the mining event size is parameterised by the 
seismic energy rather than by magnitude. In order to comply, 
however, with worldwide habits we represent here the event 
size by the common logarithm of energy, m=logE, which has 
the same shape of probabilistic distribution as magnitude. 
Recent detailed investigations of induced seismicity have 
indicated that due to complexity and heterogeneity of the 
rockmass fracturing process, the magnitude distribution 
is often complex and multimodal. No presently known 
parametric model for magnitude can ensure the accuracy of 
actual mining data representation required in PSHA (Lasocki, 
2001b). In this connection it was proposed to apply a model-
free, non-parametric estimator of m=logE density (e.g. Lasocki 
et al., 2000; 2002; Kijko et al., 2001, and the references therein). 
The density estimate is solely determined by observations. 
It turned out that an adaptive form of this estimator is 
particularly suitable for modelling the magnitude or m=logE 
distribution (Orlecka-Sikora and Lasocki, 2005). The adaptive 
estimator of the cumulative distribution function is:
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for mmin ≤ m < mmax, zero for m < mmin and one for m > mmax, 
where mmin is the level of catalogue completeness, n is the 
number of events greater than or equal to mmin, mi are sizes of 
these events, mmax is the upper limit of source size, Φ(•) is the 
standard normal cumulative distribution, and the smoothing 
factor, h, and the weights, ωi, i=1,..,n are automatically selected 
to fit the data structure. The upper limit of source size, mmax, 
which accounts for physical constraints on the source size, is 
estimated by: 
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where m Eobs obs
max maxlog=  is the largest observed event size 

in the zone (the other symbols are as above) (e.g. Kijko and 
Graham, 1998). The estimator [4] is biased and the specific 
bias value is obtained from Monte Carlo simulations 
(Kwiatkowska, 2002). If all assumptions on homogeneity, 
stationarity and stochastic independency of events are 
satisfied, the events larger than mmax will never occur. 

2.2 Predicting Location, Activity Duration and 
Probabilistic Characteristics of Future Activity 
Source Zones

The time-space zones that are expected to appear in the 
future are linked to areas and periods of future mining works.  
The future zone locations and activity durations are determined 
from mining plans. It is assumed that the future zone will be 
active during the period of exploitation of a specified mining 
stope plus six months. The zone area is assumed to be equal 
to the stope area plus a 200 m margin around the stope  
(e.g. Cichy and Lasocki 1982, Drzęźla et al. 1991). If, in the 
studied region, there are zones of activity which do not 
directly accompany mining works (e.g. they are located in 
fault zones out of excavations), it is assumed that these zones 
will also remain active into the future. 

The two-dimensional uniform distribution is supposed 
to control epicentre locations over the area of future source 
zones. In order to simplify numerical calculations, the 
continuous distribution is substituted by the discrete one. 
The zone area is covered with a dense net and it is assumed 
that the future event epicentres can only be located in the net 
nodes. The discrete probability distribution used for epicentre 
location is:

 { } Nyx ii 1,Pr =  [5]

where N is the number of net nodes and (xi,yi), i=1,...,N, 
are the nodes coordinates. This simplification has a negligible 
effect on final PSHA results.

The source size characteristics for the future zones 
are estimated from the characteristics of the past zones.  
We still do not have a satisfactory method of interpolating 
and extrapolating functional representations of probability. 
Work on this subject is under way but at present we have 
to base PSHA on certain parameterisations of the source size 
probability distribution. There are two candidates for this 
purpose, namely the upper limit of source size, mmax, and 
the maximum possible event size, mT. The upper limit of 
source size in a zone, mmax, represents the energy threshold, 
which neither the events that already occurred nor the events 
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that will occur in the future can exceed. The mean return 
period for the event of size mmax is infinite. Since the natural 
seismicity is permanent, events of every size less than mmax 
will occur at some moment. Thus, mmax or its substitutes 
are of major importance to the seismic risk assessment 
in natural seismicity, in particular when the stability of 
long lifetime structures (e.g. nuclear power plants, nuclear 
waste repositories) is investigated. Such structures ought 
to be protected against the limiting value mmax. In mining 
induced seismicity the duration of the source zone activity is, 
however, finite and not very long, usually from a few months 
to a few years. Hence, a hazard analysis based on mmax would 
lead to pessimistic estimates. If the expected duration of zone 
activity is T, then it is more realistic to scale hazard with the 
maximum possible event (that is the event of size mT), whose 
mean return period equals T, rather than with the maximum 
probable event of infinite return period and size mmax. The 
maximum possible event size, expected in T time units in the 
future, mT, is evaluated from the equation:
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Scaling hazard with mT as the largest possible event size 
has, however, a certain dangerous disadvantage. Although 
events larger than mT will not, on average, occur in the zone, 
the probabilistic scatter about the average can make such 
events happen. Thus the ground motion could eventually be 
greater than the motion predicted with the use of mT. 

It is expected that future zones will repeat the probabilistic 
schemes of the closest in space and time past zones, which 
means that they will have the same mT and mmax values. If a 
predicted future zone location is near more than one past 
zone, then the estimates of mT and mmax are weighted averages 
of the parameter values for all neighbours. The weighting 
assumes that the similarity between the zone characteristics 
is inversely proportional to the distance (in space and time) 
between the zones. If the expected location of a future zone is 
far from the locations of past zones, then mT and mmax for the 
future zone are assessed from area maps of these parameters 
for the whole seismically active region. The maps are prepared 
using information about all past zones.

After this part of the analysis, every zone which is expected 
to become active in the future is described by:

• its location, determined by the distribution of net 
nodes linked to the planned location of mining in this 
part of the mine,

• its period of activity, [ts, te], of length T, determined  
by the planned time period of mining in this region,

• the predicted maximum event size mT for the period 
of expected future zone activity, [ts, te]; 

• the predicted upper limit of event size mmax.

2.3 Local Attenuation Relations of Ground Motion
Ground effects of mining events depend on the seismic 
source, seismic wave path and local soil conditions. These 
effects are usually modelled by the linear regression between 
the selected ground motion parameter, a, at point (x,y), and 
the source size, m, and epicentral distance from the source to 
the point (x,y), r: 

 ( ) ( ) ( )yxrgmfyxa ,)(,log δα +++=  [7]

where f(m) models the dependence of ground motion on 
source size, g(r) models the dependence of ground motion on 
r, δ(x,y) models local site effects at (x,y), and α is a constant 
(e.g. Seismological Research Letters, 1997; Douglas, 2003 
and the references therein). The ground motion is usually 

parameterised with PGA components or spectral amplitudes 
of acceleration for selected natural frequencies (Douglas, 
2003). Relations of type [7] are referred to as the attenuation 
relations. They account neither for the source directivity 
nor for the path anisotropy, while only occasionally taking 
into account the local site effects (δ(x,y)). The neglected 
factors cause a dispersion of the actual values about the 
regression. The effect is quantified by the residual variance 
of regression.

Seismic sources in mines are relatively weak; hence their 
ground effects quickly decrease with increasing r. The 
attenuation relation for a limited area is strongly linked to 
the specific conditions of wave propagation in this region. 
Thus, it is recommended that locally valid attenuation 
relations be worked out, identified by ground motion data 
from such a limited region. Before the recorded ground 
motions are parameterised in terms of PGA, the signals are 
usually subjected to a low-pass filter with a cut-off frequency 
of about 10 Hz, to remove higher frequency components that 
are unimportant for engineering purposes. The locally valid 
attenuation relations, identified by local ground motion data, 
are also the most efficient way to decrease the uncertainty of 
the ground motion estimates, caused by heterogeneity of the 
propagation medium.

In his extensive review, Douglas (2003) discusses various 
forms of f(m) and g(r) functions and other problems connected 
with identification of the regression relation [7]. Table 1 
presents models of type [7], which we usually try in actual 
problems.

Given values of the independent variables, m and r, 
relations of type [7] predict the median value of loga(x,y), 
that is the ground motion parameter value whose exceedance 
probability is 50%. The dispersion about the regression lines 
are represented by the confidence intervals for prediction.  
The limits of (1-2p) probable confidence intervals for 
prediction of loga values are given by: 
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where s is the number of ground motion data used to identify 
the attenuation relation, ν is the number of independent 
variables, tp(s-ν-1) is the critical value of Student’s distribution 
for (s-ν-1) degrees of freedom, X is the vector, whose first 
component is 1, and the others equal the independent 
variable values for (x0, y0), XT is its transposition, Cb is the 
covariance matrix of regression coefficient estimators and 
SEE is the standard error of estimate. If s-ν-1 is large, greater 
than ~30, the critical value tp(s-ν-1) can be approximated by 
the critical value of standard normal distribution, zp.

2.4 Ground Motion Prediction
In the last step of the analysis the results of the previous steps 
are integrated to obtain probabilistic characteristics of the 
selected ground motion parameter, predicted at given points 
for the time interval of prediction. The probability that, due 
to the activity of k-th seismic zone, PGA at point (x0, y0) will 
exceed the given value, amax is:
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where D is the duration of the interval of prediction, fr(r) 
is the distribution of epicentral distance to (x0, y0), implied 
by the uniform distribution of epicentres in the seismic zone, 
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rmin
(k) and rmax

(k) are the limits of epicentral distance range, 
mmin and mmax

(k) are the catalogue completeness threshold 
and upper limit of event size in the zone, respectively,  
f(m|n≠0, D) is the source size distribution, conditional upon 
the event occurrence in the zone, and is given by:
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where λ is the mean event rate in the zone, fm(m) and Fm(m) 
are the probability density and cumulative distribution of 
source size in the zone, respectively. To simplify notation in 
[9] it is assumed that the zone activity period includes the 
time interval of prediction. In other cases, some obvious 
modifications are necessary. It is also assumed that the 
catalogue completeness level, mmin, is the same for all zones. 

The exceedance probability of amax, conditional upon 
occurrence of an event of size m at the distance r, 
Pr(a≥amax|m,r), results directly from probabilistic properties 
of the attenuation relation [8] and takes the form of: 
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where Ft(t,ν) is the Student’s cumulative distribution withν 
degrees of freedom. The term t(amax, r, m) is given by: 
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Other symbols are as in equation [8].
Relationship [9] incorporates all kinds of uncertainty 

present in the considered problem. fr(r ) accounts for the 
source location uncertainty. The uncertainty of source 
size of the event to occur is represented by f(m|n≠0, D). 
Pr(a≥amax|m,r) accounts for the uncertainty of ground motion 
amplitude, given the source size and location. When one 
expects L seismic zones to appear, the probability that during 
the time interval of prediction of length D, PGA greater than 
or equal to amax will occur, is given by:
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As mentioned in Section 2.2, a method of estimating 
functional nonparametric probability characteristics of future 
zones is not yet completed and the present PSHA for mining 
induced seismicity assumes that the largest event in the zone 
in the time interval of prediction will have size mD. This, and 
the assumption on epicentre distribution, [5], lead to the 
simplification of [9] to: 
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where (xi,yi), i=1,...,N(k) are node coordinates of the 
net with which the k-th zone area is covered, and 
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exceedance probability, say p, are assessed by solving the 
equation 
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for the unknown amax, where ln stands for the natural 
logarithm. 

3 AN EXAMPLE OF APPLICATION
The application of PSHA to mining induced seismicity can 
be illustrated by a recent project involving the enlargement 
of a wastes repository. The Polish copper industry, which is 
engaged in both the underground exploitation of copper-
ore and ore processing, is located in the Legnica-Głogów 
Copper District (LGCD) in south-west Poland. Ore flotation 
concentrate accounts for barely 6 per-cent of the excavated 
ore. The remainder is waste which presently amounts to 
some 26 million tons per annum (Jasiński and Janicki, 2003). 
Since 1977 the waste has been dumped into the Żelazny Most 
repository, which is one of the largest mineral waste dumps 
in the world. The repository covers an area of about 12.4 
km2 and is enclosed within a 14 km long by 40 m high earth 
dam containing 343 million m3 of waste (as of year-end 2002 
(Jasiński and Janicki, 2003)). As the repository fills, additional 
capacity is gained through raising the dam (Lewiński and 
Wolski, 1996). Recent development plans include raising the 
dam by a further 40 m in the next few years.

TABLE 1 Models of ground motion attenuation relation 

Model f(m) g(r) δ(x,y) Regression  
coefficients

Linear βm γlogr =0 β , γ

Linear with amplification at selected locations βm γlogr ≠0 β , γ , δ

Non-linear in the epicentral zone βm 0.5γlog(r2+h2) =0 β , γ , h

Non-linear in the epicentral zone with amplification at 
selected locations

βm 0.5γlog(r2+h2) ≠0 β , γ , h , δ

With inelastic attenuation βm γlogr+γ1r =0 β , γ , γ1

With non-linear dependence on source size βm +β1m
2 γlogr =0 β , β1 , γ

With non-linear dependence on source size and inelastic 
attenuation

βm +β1m
2 γlogr+γ1r =0 β , β1 , γ , γ1

Bi-linear βm for a≤ac

β’m for a>ac

γlogr for a≤ac

γ’logr for a>ac

=0 β , γ , β’ , γ’ , ac

Seismic Hazard and Risk (1) 
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LGCD is an area of intense seismic activity connected 
with mining operations in three underground copper mines: 
Rudna, Polkowice-Sieroszowice and Lubin. The copper ore is 
extracted from hard rocks at considerable depths, from 800 to 
1100 meters below the surface. The mine seismicity networks 
record several thousand events of the local magnitude range 
between 0.4 and 4.5 annually. Instrument observation of 
ground motion indicated that stronger events could result in 
PGAs as high as 2.0 m/s2. Such an impact could disrupt the 
repository dam’s stability, which could lead to catastrophic 
consequences for both production and environment. It has 
been decided, therefore, to carry out a PSHA project aimed 
at determining design parameters of ground motion for the 
�elazny Most repository enlargement (Lasocki et al., 2003). 
The objective of the project was to predict limiting values 
of horizontal, axy, and vertical, az, PGA (PHA and PVA 
respectively) along the repository dam for the years 2003-
2028. The limiting values were determined as those whose 
exceedance probability in the time period under study was 
0.1 (10 percent). 

Based on the mine seismicity catalogues from the last  
20-25 years, 99 time-space source zones of past-to present 
activity were singled out and their probabilistic characteristics 
were determined. The spatial distribution of the zones of past 
activity is show in Figure 1. The distribution of the upper limit 
of source size, mmax, over the LGCD area, constructed from the 
individual mmax values of the identified zones, is presented in 
Figure 2. The upper limit of source size represents a maximal 
potential ability of the rockmass to release the strain energy 
in a single event. Hence, it can be seen that stronger events 
can be expected to occur just to the west of the repository. 

FIG. 1 Time-space source zones of past seismic activity in 
LGCD

Prediction of future zone locations and periods of activity 
was based on integrated programs of mining works. In this 
way, 67 zones of expected future activity were determined. 
Next, their probabilistic features were deduced from the 
characteristics of the past zones. 

Ground motion at the repository dam has been monitored 
for a few years, first with three uniaxial electromagnetic 
velocity sensors and, since 2002, with three accelerometer 
stations located at different points along the dam. 

FIG. 2 Distribution of the upper limit of source size over the 
LGCD area

Every station is equipped with two triaxial accelerometers 
installed in the ground at the base and on the crown of the 
dam. In order to ensure a strict connection between the 
attenuation relations and the local propagation conditions, 
the data from the dam were used exclusively to construct 
the relations. Altogether 108 three-component acceleration 
signals induced by 26 seismic events and 161 one-component 
velocity signals induced by 40 events were processed. 

The attenuation relation for both studied ground motion 
parameters, axy and az, were identified by standard regression 
analysis. The analysis requires the data sample to be 
homogeneous and malfunctions when the sample consists 
of data groups that significantly differ from one another in 
the response of the dependent variable to the same values of 
the independent variables. The analysed ground motion data 
originated from seismic events that occurred at distances of 
between a few hundred meters to more than ten thousand 
meters from the sensors and was collected by different 
instruments at different locations. These factors could cause 
non-homogeneity in the data sample. The homogeneity of the 
data was studied using the analysis of variance of residuals. 
Surprisingly it turned out that PHA values recorded at the 
base and crown of the dam did not differ from each other, 
whereas the PVA values were amplified at the crown. It was 
also established that attenuation of ground motion from 
near and far events was different and a selection criterion  
(r < 7000 m) was applied to the input data. The final 
attenuation relations of axy and az, were:

 
( )22 593log58.142.02.1log +−+= rmaxy  [16]

 rmaz log39.136.067.0log −+=  [17]

Figure 3 presents the limiting values of PHA along the 
repository dam predicted for the time period 2003-2028, 
which are the final result of PSHA. The largest value is 
1.25m/s2. The prediction of PVA is the same shape but the 
maximum value is nearly half, equal to 0.65m/s2. 
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FIG. 3 Predicted limiting PHA values along the repository dam 
for the years 2003-2028 

PSHA allows consideration of different hazard scenarios. 
In the problems studied, we analysed individual impacts 
of 12 future source zones that were expected to occur close 
to the repository. As a result we identified the zone whose 
share in the seismic hazard of the repository was the largest 
and most decisive. If it were decided that this particular zone 
would not be mined in the future, the largest limiting PHA, 
expected in 2003-2028, would drop down to 0.46 m/s2. 

4 CONCLUSIONS
After some modifications, the probabilistic seismic hazard 
analysis can also be applied to estimate the hazard posed 
by mining induced seismicity. First of all, both the event 
generation process and the seismic hazard are not stationary. 
Seismic catalogues are used to identify zones of past activity 
and to determine their dimensions in both space and 
time. Future activity is expected to occur in the vicinity of 
future mining stopes. Therefore mining plans are necessary 
components of input data for the analysis of hazard due 
to mining induced seismic events. These plans are used to 
predict the time-space locations of zones of future activity 
and the probabilistic properties of such zones are estimated 
from the probabilistic characteristics of the past zones. In this 
way, the result of probabilistic seismic hazard analyses for 
mining induced seismicity is the prediction of ground motion 
related to a prescribed area and time period. 
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