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Implosional Focal Mechanisms in a Hard-Rock Mine

S. Talebi, M. Coté CANMET, Mining and Mineral Sciences Laboratories, Natural Resources Canada

Observation of mine-induced seismic events having dilatational first motion of P waves at all recording stations has been
a growing trend in the literature. This paper describes an investigation of events of this type, as well as double couple
events, recorded in a hard-rock gold mine in Quebec, Canada. The seismicity originated from the depth range 1.0-1.3
km and was monitored using a network of 5 triaxial sensors and 15 uniaxial sensors located around the seismically active
levels. A data set including 9 events with double couple focal mechanisms and 9 events with purely dilatational P-wave
first motions within the magnitude range 0-1 was analysed. Different basic source models were then considered and the
ratio of the energy of P and S waves was used as an indicator. The results indicate that the implosional component of the
latter event type may be described by a force dipole modeling a sudden contraction of tabular cavities within the mine.

1 INTRODUCTION

Early studies of mine-induced seismic events for a large
number of regions around the world identified shear failure
as the dominant failure mechanism in deep mines (e.g.
Spottiswoode and McGarr, 1975; Gibowicz, 1990). The first
motion of P-waves radiated from such a source is distributed
in alternating quadrants of dilatation and compression in the
space and the source is adequately characterized by a double
couple mechanism. Likewise, seismic models adopted for
the analysis of mine-induced seismicity are often taken
from earthquake seismology where such models have been
well developed (e.g. Haskell, 1964; Brune, 1970; Madariaga,
1976).

There has been a growing trend in the literature of
observations of mine-induced seismic events having a
dilatational first motion of P waves at all recording stations.
Wong and McGarr (1990) presented a comprehensive review
of such observations and put forward two basic source
models to explain their origin. The detection of these events
has been mainly based on focal mechanism studies, although
a few authors have used moment tensor inversion as well (e.g.
McGarr, 1992). There seems to be consensus that such events
are associated with at least some implosional component at
their source. Likewise, we use the term “implosional events”

to refer to those events with purely dilatational first motion of
P waves at all recording stations. This is not meant to imply
a purely implosional source mechanism as, for example, a
combination of shear failure and co-seismic volume decrease
can generate events with purely dilatational P-wave first
motions as well.

This paper presents the results of analysis of implosional
events in the magnitude range 0-1 recorded in a hard rock gold
mine in Quebec, Canada. We first present an overview of past
observations of such events around the world and different
source mechanisms proposed to explain them. Then theoreti-
cal aspects of body wave radiation from some basic source
models are considered and radiation pattern coefficients for
those likely to produce implosional focal mechanisms are
described. The next section deals with seismic energy ratios
for these models. S/P energy ratios are estimated and their
use is proposed as a detection tool. Seismic energy has been
selected here since it has the advantage of being more robust
than peak particle parameters. Then the results of processing
of the present data set are presented and discussed.

2 OVERVIEW OF PAST OBSERVATIONS

Table 1 shows a summary of 10 cases of observation of mine
seismicity associated with purely dilatational first motion of

TABLE 1 10 cases of purely dilatational P-wave first motions or implosional sources. nss and nus indicate the number of surface sensors
and underground sensors respectively (see the text for references)

Mine or district, country Type nss nus Proposed failure mechanism
Witwatersrand, RSA gold 6 - hangingwall shearing pillar or face
North Staffordshire, UK coal 5-7 - strata collapse

Eastern Wasatch plateau, USA coal 12-20 - shear-implosional

Tuscaloosa, Alabama, USA coal >4 - roof collapse?

Horonai, Japan coal 6-8 2-4 normal faulting

Klando, Czechoslovakia coal 4 2 shear-implosional

Schwaz, Austria dolomite 4 - bloc-sliding, mine collapse
Vanscoy, Canada potash - 11 delamination in the roof or floor
Lucky Friday, USA metal 5 network shear-implosional

Val Reefs, RSA gold 7 1+ network shear-implosional
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P waves or implosional sources. Wong and McGarr (1990)
discussed the first 6 cases in a review paper. The first case
at the Witwatersrand gold mine in South Africa is one of
earliest cases where predominantly dilatational first motion
of P-waves was observed (Gane et al., 1952). The authors
suggested 2 possible mechanisms to explain the observations,
both of which involved shear failure of the hangingwall,
either through a pillar or through an active face. The limited
number of sensors did not allow them to test the validity
of their proposed mechanisms. Wong and McGarr (1990)
mentioned subsequent reports of similar type events from
the same mining district by other authors and pointed out the
limitations of sensor arrays and instrumentation in providing
focal coverage for focal mechanism studies. The next 5 cases
involve coal mining.

At North Staffordshire coal field in the UK (e.g. Kusznir
et al., 1984) two types of events were observed: small events
with implosional first motions felt only underground and
large events felt on surface and associated with shear failure.
The threshold between the two event types was a local
magnitude of 2.5. The authors attributed the origin of the
larger events to shear failure within adjacent pillars when the
active face of the longwall passes under or over these pillars.
The smaller events with purely dilatational first motions
were attributed to strata collapse in the waste of the active
and adjacent panels.

Two papers have reported extensively the observations
of implosional first motions at Eastern Wasatch Plateau
coal mines, Utah, USA. Wong et al. (1989) employed a
high-resolution 12-sensor array with some of the sensors
being installed in adjacent mines to provide for a “three-
dimensional monitoring capability”. They observed 2 types
of events: a large number of small and impulsive events
that they attributed to the caving of the roof and a small
number of larger events (M, = 0 to 1.6) located well beneath
mining areas and showing dilatational first motion in nearly
all cases. Wong and McGarr (1990) point out that, despite
the dilatational first motion of these events, the presence of
large S waves in recorded signals is more indicative of shear
failure. Williams and Arabasz (1989) have reported similar
observations of mine seismicity from the same district:
sub-mine events and dilatational first motion of P waves.
However, they point out that such events can be explained by
double-couple normal faulting solutions if they in fact occur
above mine levels. Constraining these evens to occur at the
mine level would make them incompatible with a double-
couple source mechanism.

Near Tuscaloosa, Alabama, a limited number of
seismographs recorded only dilatational first motions at
the same time as a roof collapse in a coal mine (Long and
Copeland, 1989), but the coverage of the focal sphere was not
ideal. The next two cases are the Horonai coal mine where
Sato et al. (1989) attributed the events to pure shear failure
and the Klando coal mine where Rudajev and Sileny (1985)
proposed a combined shear-implosional source to describe
the observed seismicity. It should be noted that some of the
above cases may have suffered from either the use of a small
number of surface sensors with limited focal coverage or a
lack of deep sensors resulting in limited depth resolution. As
a result, focal sphere coverage may have been inadequate to
demonstrate convincingly a source process other than shear
failure.

Lenhardt and Pascher (1996) described seismicity observed
from an underground dolomite mine in Tyrol, Austria.
Although only 4 short-period seismic stations were available
for this study, the observed sequence of events could be
associated with a partial collapse of mine workings and a
massive subsidence above the mine. The authors distinguish
two types of events based on event signatures: collapse
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events and tectonic events. The basis for this distinction is the
observation of a long-period phase in the former type events
arriving about 3 seconds after P-waves.

Prugger and Gendzwill (1993) have conducted monitoring
experiments in many potash mines in Western Canada
and have summarized their best data set from Cominco
Fertilizers mine in Vanscoy close to the city of Saskatoon.
They report observing larger events involving shear failure
but also smaller events with unusual characteristics. For
these small events observed near potash mines, the authors
report an absence of P-waves and the first motion of shear
waves being either all up or all down, regardless of whether
sensors were all located on surface, or both on surface and
underground. The authors state that the only model that can
explain all aspects of their observations would be a single
force directed either upwards or downwards. They suggest
roof-falls or floor-heaves as the most likely source of the
observed seismicity.

The last two cases in Table 1 involve the use of moment
tensor inversions. Sprenke et al. (2002) point out the difficulty
of reconciling fault-plane solutions with observations of
damage at Lucky Friday mine, Coeur d’Alene district, Idaho.
In situ observations of damage and measurements of slip
movements indicate that rockbursts are closely associated
with gradual bedding plane slip. Thus this progressive slip
reduces stope height resulting in sudden and implosive
failure of stope margins. Using high-quality seismic data
from a 5-station network, the authors were able to find a
well-constrained moment tensor solution matching the
observed displacement amplitudes. They proposed a shear-
implosional model with an axis of maximum principal
extension oriented normal to the bedding plane. This study
strengthens earlier observations of implosional events at the
same mine (Stickney and Sprenke, 1993).

McGarr (1992) reports the results of moment tensor
inversion for a seismic event from Val Reefs, recorded on
surface and by a portable digital event recorder at a depth of
over 2 km recording ground acceleration. The author shows
detailed signatures of different arrivals of near and far-field
phases and an in-depth analysis of moment tensor for an
event. The implosive component of the moment tensor is
shown to be compatible with co-seismic stope closure since the
eigenvector of the most negative component of the moment
tensor was oriented normal to the plane of the reef. This case
and the previous one indicate the role of stope closures in the
observations of implosional source mechanisms in mines.

/

Spherical system of coordinates

FIG. 1

3 BASIC SOURCE MODELS

A few of the basic types of seismic sources that can produce
purely dilatational first motion of P-waves are considered
here. The approach is to consider the moment tensor of each
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source, derive radiation pattern properties for body wave
components and calculate radiation pattern coefficients for
each case. Some of these basic models are actually related
to one type of physical failure in a mine, but may be able
to describe other scenarios. A double couple mechanism
produces both compressional and dilatational first motion of
P-waves, but was also considered here for comparison.

The solution of the dynamic problem for a seismic source
with a known moment tensor is usually attempted based
on decomposing the source into a combination of basic
force couples. Then the classical Stoke’s solution for a point
force (e.g. Aki & Richards, 1980; Equations 4.23) is used
as a basis to get the solution for force couples. The same
authors described the radiated displacement field from any
seismic source based on the properties of its moment tensor
(Equations 4.29). In many practical cases, the only relevant
components of seismic radiation are the far field terms
since receivers are usually located much farther than a few
wavelengths from the source. Therefore, the so-called near
field and intermediate field terms become negligible and the
far-field displacement of P and S waves (U, and U;) can be
described as follows:
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where p is the density of the medium, o and P represent
P- and S-wave velocities, r is the source-sensor distance
and M defines the component pq of the moment tensor in
an ortlflogonal coordinate system. The displacement fields
depend directly on the derivative of seismic moment with
respect to time. It is more convenient to express P- and S-
wave displacement fields in spherical coordinates to get
the displacement field for the three familiar body wave
components P, SV and SH (Fig.1). Assuming straight ray
paths, these components at any location x and time t for a
point source with moment tensor M having 6 independent
components can be expressed as (slightly modified from the
same authors; Equations 4.91):

N

UP(x,t) = [R.OM(t-1/0)/0t.R] R/4mpod r [3]
USV(x,t)= [@.0OM(t-1/B)/6t.R] ©/4mpp’ r [4]
USH(x,t)=[®.0OM(t-1/B)/0t.R] D/4npp* r [5]

Thus the radiation is controlled by the quantities in
brackets at the right side of the above 3 equations. Vectors
R, ©® and ® define the propagation directions for the 3 body
wave components and have the following cosine directors in
terms of angles 2 and N in spherical coordinates (Fig. 1):

R = (sinb cos¢ sinb sind cosO) [6]
©=(cosO cosd cosO sing —sinB) [7]
®=(-sind cosd 0) [8]

Radiation pattern for different sources with known moment
tensors can be obtained from these equations. Following Pujol
and Herrmann (1990), it is assumed that all the components
of moment tensors have the same time dependence so that
the time derivatives of the moment tensor can be ignored for
the analysis of radiation patterns. Thus the focus of attention
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FIG.2 Diagram showing some basic source models: a)
contraction of a spherical cavity, b) Contraction of a
tabular cavity, c) rock falls and floor heaves, and d) Pillar

shortening

in this section will be the components of seismic radiation
that vary with direction, i.e. radiation pattern terms Rf, RS
and RS,

3.1 Spherical Cavity

A spherical cavity undergoing a sudden symmetrical
contraction (Fig. 2a) can be represented by a basic moment
tensor with only diagonal components M, = M,, = M, = -1.
Using this information in conjunction with Equations 3 to 8,
it follows that:

RP=-1
RS =0 [9]
RS =0

In other words, P waves have dilatational first motions
and a uniform amplitude in all directions and no S waves
are radiated. By changing the sign of the basic element of the
moment tensor (M, = M,,= M, = 1), one can get the case of
the same cavity undergoing a sudden symmetrical expansion
where only compressional P-wave first motions are radiated,
again with no S waves.

For two reasons, Wong and McGarr (1990) have rejected this
basic model as a likely candidate for explaining implosional
events. First, spherical cavities are rather stable compared to
other geometries and thus less likely to collapse. Second this
model does not generate any S waves, a feature observed in
implosional events. However, it may be useful to keep this
model in mind as an extreme case, although rather unlikely
to be observed.

3.2 Tabular Cavity

Wong and McGarr (1990) considered two basic sources for
the collapse of a tabular cavity, taken as the two extreme cases
describing such a source (Fig. 2b). The first one consists of a
vertical force dipole while the second one is based on motion
only in the vertical direction. In both cases, all the basic force
elements of individual dipoles point at the source.

3.2.1 Vertical force couple

Talebi et al. (1998a) investigated the properties of this type
of source, as a vertical force dipole characterizes adequately
the failure of well casings in oil wells. A seismic model was
developed and a new method for detecting casing failures in
oil wells was established that has since been adopted by the
heavy oil industry in Western Canada (Talebi et al., 1998b;
Smith et al., 2002). For a vertical dipole with forces pointing
towards each other, the seismic moment has only one
component M, = -1. Then the source radiation terms can be
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derived using the same methodology as for the previous case
(Talebi et al., 1998a):

RP=—co0s?0
RSV=1, sin20 [10]
RSI= 0

Figures 3a and 3b show radiation patterns for P-waves
and S-waves for this model. Both wave types have a node
in the horizontal plane while the S-wave radiation has an
additional node in the vertical direction that corresponds
to the direction where P-wave amplitude is a maximum.
Obviously all P-wave first motions are dilatational. One
important consequence of these equations is that S waves
consist of only the SV component because of the symmetry
around the vertical axis (Fig.3b). Averaging over the focal
sphere will result in the mean squared values of radiation
pattern coefficients (same authors):

1 . 1
<(—c0529)2>:§ ﬁl(cos4'9)51nwe:§ [11]
1 . , 1z 1. 5. 2
<(=sin20 )’ >=—[(——sin260 )" sindf=—
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3.2.2 \Vertical displacement

In this case, the moment tensor is analogous to that of a tensile
fracture in the plane Z=0 but with the polarities of the three
dipolesreversed. For a tensile crack in the plane perpendicular
to the third axis, the 3 vector dipoles have magnitudes in the
ratio 1:1: (A+2p) /X (Aki and Richards, 1980), where A and p
are Lame constants. Assuming a Poisson’s solid (A = ), the
three non-zero elements of the moment tensor are taken as
M, = M,, = -1 and M, = -3. From the above methodology,
radiation pattern coefficients for the 3 basic body wave types
can be calculated:

R"=2sin"0-3
RY =sin 26 [13]
RSH:()

Figures 3c and 3d show radiation patterns for P-waves and
S-waves respectively. Much of the characteristics of these
patterns are similar to the previous case (Figs 3a and 3b), the
exception being that the node on the horizontal plane for P-
waves is replaced by a minimum. Once again, no SH waves
are radiated. The mean squared radiation pattern coefficients
can be calculated as for the previous case (e.g. Walter and
Brune, 1993):

<RP>2=47/15 [14]
<RSV>2=gQ/15

3.3 Vertical Single Force

Aki and Richards (1980) have described the radiation of
seismic waves from a single force in a homogeneous isotropic
unbounded medium (Equations 4.23). One notable difference
between this source and the other ones considered in this
sectionis that the displacement fields of Pand Swaves depend
on 1/a? and 1/f? instead of 1/a* and 1/ seen in Equations
1 and 2. For a vertical single force pointing downwards,
radiation pattern coefficients can be described as follows:

RY=—cosé
R =sin @ [15]
RSH :0
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FIG.3 Radiation patterns of P waves (a&c) and S waves (b&d)
for the vertical force couple model (a&b) and the vertical
displacement model (c&d). The arrows along the axes
show the basic source dipoles. The minus signs indicate

dilatational first motion of P waves

(a) ’>

9@
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FIG.4 Radiation patterns of P waves (a&c) and S waves (b&d)
for the vertical single force model (a&b) and the double-
couple model (c&d). The arrows along the axes show the
basic source dipoles. The positive and negative signs
indicate a compressional and dilatational first motion of

P-waves respectively

Figures 4a and 4b show radiation patterns for P-waves and
S-waves respectively. Another notable difference between
this case and the other ones is that P-wave first motions
have opposite signs in opposite directions from the source.
The first-motion of P-waves are dilatational for all locations
above the horizontal plane and compressional for all locations
below this plane within which amplitude is zero. Finally, the
mean squared radiation coefficients are calculated:

<R’>?=1/3 [16]
<RSV>2=12/3

Although this model cannot describe implosional events
when focal sphere coverage is satisfactory and sensors are
placed both above and below the active seismic region, as is
the case of the present study, it may be useful if implosional
events are observed on a surface network, particularly if there
are indications of strata collapse or ground subsidence.
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3.4 Shear Failure

For a purely double couple source, describing shear failure
events, the moment tensor is defined here as having only
two components: M, = M, = 1, i.e. the two force couples
are within the plane of the axes 1 and 3. This is the plane
containing both the vector normal to the fault plane and the
vector representing the slip direction. Following the same
methodology:

R” = sin26 cosd
RS = c0s26 cosd [17]
RS"'= —c0s0 sind

Figures 4c and 4d show radiation patterns for P and S
waves for a double-couple source. Each wave type has two
nodes, but none of the four nodes coincides with another.
Indeed, the maximum amplitudes for P-waves (the so-called
pressure and tension axes) coincide with the nodes for S-
waves and vice-versa. The mean squared values of radiation
pattern coefficients are as follows (Aki and Richards, 1980;
Boatwright and Fletcher, 1984):

<RP>2=4/15

<RV >2=1/6

< RS >2=7/30 [18]
<RS>2=12/5

4 ENERGY RATIOS

The point of departure in this section is the assumption that
the following equation describes well the radiated far-field
displacement U(w) for a seismic source:

U(0) =R(0¢) . Q, / (1+(w/c)?) [19]

where o is the angular frequency, R(8¢) is the radiation
pattern coefficient in the direction defined by the angles
0 and ¢, Q, is the amplitude of the displacement field at
zero frequency and o, is the angular frequency related
to the source. There are many arguments in favour of this
assumption. For example, for shear type sources, a slope
of -2 is the often-observed value for the descending trend
of displacement spectra (Gibowicz; 1990; Gibowicz and
Kijko, 1994). It is also what is expected for some basic source
models (e.g., Brune 1970; Sato and Hirasawa, 1973). The same
is true of some basic tensile failure models (e.g. Sato, 1978;
Walter and Brune, 1993). The latter authors showed that this
function is consistent with some kinematic models of the
far-field displacement amplitude spectra from circular and
shear tensile cracks. Therefore, this function is also expected
to well describe the case of a tabular cavity where only
vertical displacements are involved. Talebi et al. (1998a) have
shown that it is also compatible with the expected radiation
from a well casing failure characterized by a simple dipole.
Therefore, Equation 19 should reasonably well describe the
basic sources described in 3.2 and 3.4, that will be discussed
in the following section, as likely sources of the observed
events.

Energy flux of P or S waves may be written as (Perret,
1972):

J=pc| [v()]? dt [20]

where p is rock density and c is body wave velocity. The
integration of the velocity pulse v(t) is performed in the
time window of P or S-wave phase. Energy flux can also be
calculated in the frequency domain from:

J=2pc] [v(w)Pdf [21]

where the integration is performed for all positive values
of frequency f. Replacing v(o) with ©.U(®) in the above
equation yields:

J=2pc] [0 .U(w)Pdf [22]

For the displacement pulse expressed by Equation 19, the
integral on the right side of this equation is given by Snoke
(1987) and is replaced here to get:

J=R(0¢) pc Qjo /4 [23]

The last step consists of integrating the energy flux over the
focal sphere at a distance r to get the total amount of radiated
energy for each wave type:

E =<R(069)>* pcr’ Qjo * /4 [24]

The term <R(0¢)>? is the mean squared radiation pattern
coefficient for each body wave type. Then energies of P and S
waves can be calculated:

E, =<R">? par’ Q (P)’ o (P) /4 [25]
E = <RS> pB > Q (S) 0(S)’ /4 [26]
Therefore, the ratio of S over P wave energy is:

| [wo il [27]
@,(P)

Ey _(R°)' B
E, (R"Y a

Q,(5)
Q,(P)

Since far-field displacements of P and S waves depend on
1/0® and 1/p® for the sources discussed later in this paper
(Equations 1&2), the same dependency is assumed here for
plateau levels of spectra, i.e.:

Q,(S)/Q,(P) = (/) [28]

Replacing into Equation 27 yields:

5 3

E; _(RY)

E, (R")?

@, (S)
@,(P)

@
B

By replacing the quantities<R®>? and <R">? for a double
couple from Equations 16, this equation becomes identical to
Equations 16 of Boatwright and Fletcher (1984). Also, if we
further assume that (e.g. Hanks and Wyss, 1972):

[29]

0, (S)o,(P) = pla, [30]
it follows that:
EJ/E, = [<R%>?/<RP>?][a/B]? [31]

This is identical to the results of Randall (1973). Hence for
a pure double couple source the energy ratio will be equal
to 4.5 if we replace radiation pattern terms from Equation
18 and assume a Poisson’s solid ([p/c]* = 3). Larger energy
ratios, however, have been reported for shear type events in
the literature. For example Boatwright and Fletcher (1984)
estimated this ratio to be in the range 10-30. This would put
the assumption made in Equation 30 under question.
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5 CASE STUDY

This section summarises the results of investigation of seismic
events having either a double couple or a purely dilatational
focal mechanism recorded in a hard-rock gold mine in Val
d’Or, Quebec, Canada. The mine is a vein-type deposit where
CANMET-MMSL has recorded seismicity over a period of
8 years (1994-2001). The data set studied here was recorded
over the time period January — June 1995.

5.1 Instrumentation

The array of sensors used at the mine included 30 channels
recording signals from 5 triaxial geophones and 15 uniaxial
sensors installed in the depth range 1.0-1.8 km. The sensor
array provided a good coverage of the focal sphere of
the seismically active levels for both source location and
focal mechanism determinations. For example, the error in
source location was estimated to be less than 10m (Coté and
Plouffe, 1996). The triaxial sensors were Electro-Lab 1130GS
geophones with programmable gain in the range 0-60 dB.
They were installed in horizontal boreholes at depths of 1.8m
and were oriented so that one component was along the
vertical direction. Hence each component of a triaxial sensor
was in a known direction. Source parameter determinations
were performed using exclusively these sensors. The uniaxial
sensors were Electro-Lab model 271 designed primarily
for arrival time detection. They were also used for focal
mechanism determination. The seismicity recorded by this
system was routinely analysed for several years and was
mostly in the magnitude range 0 to 3.

The signals collected at each sensor site were amplified
locally and then transmitted to the data acquisition system
for signal conditioning and recording. The anti-aliasing filter
was set at 1500 Hz and 72 dB/octave and the sampling rate
was 4500 points/second/ channel. The selected outputs
were then routed to both a triggering detection controller
and a data acquisition board located in a computer. System
calibration included generating sine waves of known
amplitude and frequency within the recording window at
the input of underground preamplifiers and recording them.
The recorded signals were then compared to the input signals
and calibration factors were calculated for further signal
processing. A flat frequency response was observed at least
up to 1 kHz. The system was calibrated after installation and
all sensor polarities were double checked using detonations
of explosive charges at different mine levels.

5.2 The Observed Seismicity

It was noticed early on in the monitoring that events having
dilatational first motion of P waves were the dominant event
type being recorded in this mine while about a third of
recorded events were well characterised with double couple
focal mechanisms. Interestingly, the largest recorded event
was a magnitude 3.5 showing purely dilatational first motion
of P waves. This event saturated most recording channels and
could not be included in source parameter determinations. A
dataset of 18 seismic events, numbered sequentially in time,
within the magnitude range recorded over a 2-year period
was selected for analysis. The data set consisted of 9 events
showing purely dilatational first motion of P-waves and 9
events well characterized with a double-couple radiation
pattern. Figure 5 shows source location results of this
collection of events that originated from the depth range 1.0
- 1.3 km. Note the three-dimensional distribution of seismic
stations around the active zone providing a good coverage
of the focal sphere. The seismic activity is closely related to
mining activity at the so-called M-zone of the mine around
similar depths.
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FIG.5 Plan view (a) and vertical section looking North (b) of
location of sensors (solid triangles) and seismic events

(open circles)

Figure 6 shows focal mechanisms obtained for the
collection of 9 double couple events. These mechanisms are
rather well constrained and the variations in the orientations
of P and T axes are likely related to the changing stress
field around mine openings. No systematic analysis of the
relationship between these mechanisms and the in situ stress
field has been undertaken to date. Figure 7 shows stereonet
projections of P-wave first motion for the other data set. This
dataset may be a solid case of observation of implosional
mine-induced events. Indeed, sensor coverage of the focal
sphere is satisfactory and the large number of polarities
makes it difficult to conceive that these events may be due to
a pure double couple source, although some component of
shear failure may still be present.

5.3 Source Parameters

In the frequency domain, the amplitude of the low-frequency
constant trend of the displacement spectra 2,y was measured
for both P and S waves of each trace. In the time domain,
energy flux ] was measured for both P and S waves of each
trace based on Equation 20. The value of each of these
parameters for each sensor and wave type was obtained from
a simple summation for ] and a vectorial summation for Q.
Seismic moment per sensor was then calculated from

3
M =4 Q> /R
. mper ; [32]

R€ accounts for radiation pattern for which the median
values of 0.39 and 0.57 were accepted for P and S waves
(Spottiswoode and McGarr, 1975). The average value of all
seismic moment determinations, in Newton-meters, is then
used to calculate moment magnitude of each event (Hanks
and Kanamori; 1979):

M=2/31logM, -6 [33]

Then corner frequencies from each sensor and wave type
was calculated from (Snoke, 1987):

f=0/2m Q)" [34]
0
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FIG.6 Fault-plane solutions of double couple events

FIG. 7 Implosional mechanisms of implosional events
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Adopting the circular source model of Brune (1970, 1971)
and its extension (Hanks and Wyss, 1972), source radii were
calculated from the average value of corner frequency for
each event and wave type from:

r =234c/2nf [35]
0 0

Finally, energy for each wave type was calculated from
E=4n[Z12]/n] [36]

where the quantity in brackets is simply the average value
of the sum of energy flux for different sensors.

5.4 Discussion

Table 2 shows a summary of source parameters of the
events. The first observation in this table is that all these
events belong to a narrow moment magnitude range of 0
to 1.1. Likewise, source radii vary in a narrow range of 9-
23m. The S/P energy ratios, however, vary in a wider range
and should be examined further. The average value of S/P
energy ratios is 10.7 for double couple events but only 6.3 for
implosional events. In this regard, the two largest events of
each category (10 and 14) both have a moment magnitude of
1.1 but energy ratios of 2.8 and 4.7. Figure 8 shows S-wave
energy as a function of P-wave energy for all the events and
the constant ratio of 10 is shown as a reference. The two
types of event behave somewhat differently on this figure as
well. Since no radiation pattern corrections were made in the
calculation of P and S wave energy, this difference should be
related to source effects. The case becomes more convincing
when we consider that the two sets of events have also rather
comparable source-sensor paths.

TABLE 2 Summary of source paramaters for implosional evens
(imp.) and double-couple events (d.c.)

Event Type M, (GNm) M r,(m) EJE,
1 imp. 7.1 0.6 12 5.4
2 d.c. 1.0 0.0 13 55
3 imp. 7.8 0.6 11 8.5
4 imp. 20.3 0.9 18 5.0
5 imp. 6.6 0.5 12 3.7
6 d.c. 3.0 0.3 11 16.8
7 imp. 8.2 0.6 9 6.2
8 d.c. 17.0 0.8 13 6.8
9 d.c. 4.7 0.4 13 9.4
10 imp. 45.5 1.1 22 2.8
11 imp. 19.5 0.9 16 7.2
12 imp. 17.9 0.8 18 4.3
13 d.c. 8.9 0.6 15 8.9
14 d.c. 427 1.1 18 4.7
15 imp. 71 0.6 13 14.3
16 d.c. 242 0.9 20 19.3
17 d.c. 9.8 0.7 12 7.8
18 d.c. 255 0.9 23 11.8

Considering Equation 29, for any given medium the velocity
ratio is constant and S/P energy ratios will depend on two
parameters: the ratio of the mean square radiation pattern
coefficients for the source type and the ratio of S/P corner
frequencies, or the inverse of the corner-frequency shift. To
assess the latter ratio for the present case, source radii from
S and P waves were plotted on Figure 9. There seems to be a
slight difference between the behaviours of the two types of
events as the two best-fit lines are on either side of the slope
of 1. Nevertheless, the ratios being very close to 1 indicates
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that the ratios of corner frequencies should be well described
by Equation 30. As discussed in the previous section, this
implies an S/P energy ratio of 4.5 while the present results
indicate a value of 10.7 for this parameter, an underestimation
by a factor of 2.4. From Equation 19, this is equivalent to a
corner frequency shift of 1.3 for purely double couple events.
Assuming a similar ratio of S/P corner frequencies for
models describing tabular cavities will result in, respectively,
S/P ratios of 4.3 and 1.2 for vertical force dipole and vertical
displacement models while the ratio actually observed is
6.3. This implies the latter model alone would be unlikely to
be at the origin of the observed events. The former type of
source, however, would be conceivable as the energy ratios it
indicates are close to the observed values.

6 CONCLUSION

The seismicity within the depth-range 1.0-1.3 km included
double couple as well as implosional events. Different basic
source models were considered and the ratio of the energy of
P and S waves was used as an indicator of source mechanism.
The results indicate that the implosional component of the
latter event type may be described by a force dipole modeling
a sudden contraction of tabular cavities within the mine.
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