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Comparison of Body-Wave Displacement with Damage Observations
of a Rockburst, Coeur d’Alene Mining District, Idaho

by Kenneth F. Sprenke, Brian G. White, Alan C. Rohay, Jeffrey K. Whyatt,
and Michael C. Stickney

Abstract Fault-plane solutions for seismic events in the deep underground mines
of the Coeur d’Alene Mining District in northern Idaho have been difficult to rec-
oncile with actual observations of mine damage. Examination of rockburst damage
in stopes as well as measurements of slip movements on bedding planes suggests
that rockbursts in the Lucky Friday Mine are closely associated with gradual bedding-
plane slip. This progressive slip reduces the physical dimensions of stopes and in-
creases compressive stress resulting in sudden implosive failure of the stope margins.
Thus, much of the difficulty in evaluating seismological data arises from the implo-
sional nature of these rockbursts, making the first motion of the events difficult to
interpret. In the summer of 1998, we acquired several months of high-quality seismic
data from five stations in the vicinity of the Lucky Friday Mine. This is the first time
that a network of high dynamic-range, three-component instruments has been de-
ployed in this mining district. On 29 August, 1988 at 6:09 UTC, a M; 2.9 event
occurred at the Lucky Friday Mine. This event resulted from bedding-plane slip and
caused extensive damage in the mine that was carefully documented. Using a least-
squares procedure, we were able to find a well-constrained moment tensor solution
that matches the P and S displacement amplitudes measured at the five temporary
stations. We derived a model of the mechanism to compare with the underground
observations of bedding-plane slip and damage. We conclude that high-quality seis-
mological instrumentation is required if meaningful results are to be obtained for
understanding the source mechanisms of shear-implosional rockbursts.

Introduction

The Lucky Friday Mine in northern Idaho is among the
most seismically active in North America (e.g., Blake and
Cuvelier, 1990; Jenkins et al., 1990; Sprenke et al., 1991;
Scott, 1993, Whyatt et al., 1993; Friedel et al., 1995; White
and Whyatt, 19990a). Reconciling seismic fault-plane so-
lutions and rockburst damage has long been an issue at this
mine (Jung et al., 1995; Whyatt et al., 1997; Talebi, 1997).
In this article, we report on a relatively large seismic event
(M;. 2.9) in the Lucky Friday Mine that occurred at 6:09 29
August, 1998 UTC (9:09 pm 28 August PDT). What makes
this particular event unique among the many M; 3 events
that occur annually in this mining district is that the bedding-
plane slip associated with the event was visible, in-mine
damage was well-documented, and five temporary high-
quality high-dynamic range accelerometers within 5 km of
the mine recorded the event. The bedding slip and damage
observations bring independent objective data to aid in the
interpretation of the seismic mechanism.

At the Lucky Friday Mine, rockbursts in stopes are com-
monly associated with progressive bedding slip. The mod-

erately dipping metasedimentary strata have a tendency to
slip along their bedding planes into the stopes located along
the nearly vertical vein. This results in the axis of principal
maximum stress directed parallel to the dip of the bedding.
How the stope might fail under this condition depends on
the location of the slip plane relative to the stope and the
geometry of the mining-induced fractures surrounding the
stope (White and Whyatt, 1999b).

The event described here resulted in extensive damage
in the 05 stope 1750 m underground (Fig. 1). Rock was
expelled from the sidewalls, and the overhead cemented
sandfill failed along the length of the stope. Bedding slip
associated with this event was definitively documented, by
offsets of at least 15 cm in marks, previously painted across
exposed argillite interbeds, some 30 m north of the 05 stope
in the access ramp (Fig. 1). In this access ramp, the bedding
dips 35°-45° south, so the observed slip plane is stratigraph-
ically about 20 m below the 05 stope. Bedding slip may have
occurred closer to the stope as well, but all other reference
points were disturbed by the event. Although this bedding
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Figure 1. Plan view of the of the Lucky Friday
Mine some 1750 m below the surface. The general
location of the hypocenter is shown as is the location
of the documented bedding slip associated with the
event. Note that the bedding dips moderately south,
intersecting the steeply dipping vein, promoting slip
along bedding planes as the vein is mined.

slip is thought to have possibly occurred during the seismic
event, more gradual progressive aseismic fault slip has been
documented over a period of six weeks in nearby access
ramps. Damage to the stope in this event included apparent
compression of the sidewalls and overlying sandfill to
failure.

Moment Tensor Inversion

To study the seismic mechanism, we performed a mo-
ment tensor inversion in the time domain using the displace-
ment amplitudes of body-wave phases derived from five
strong-motion accelerometers deployed in the immediate
area of the mine (Fig. 2). The five stations were located at a
variety of azimuths, inclinations, and slant distances with
respect to the hypocenter (Table 1). One station (ATL) was
located in a shallow adit about 50 m below the ground sur-
face; the other four accelerometers were on the surface. Thus
all stations were well above the hypocenter that occurred
1750 m deep in the mine. An underground geophone array
operated within the mine by Hecla Mining Company pro-
vided a hypocenter location, probably accurate to about
30 m, placing the burst in the general vicinity of the 05 stope,
although its specific location relative to the 3-m-wide stope
is not known.

The polarities and amplitudes of the integrated accel-
eration at MOR were checked against a colocated broadband
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Figure 2. Locations of the five temporary accel-
erometer stations with respect to the mine workings
and the epicenter.

Guralp CMG-3 broadband seismometer; peak or root mean
square (rms) amplitudes always agree within 8% after filter-
ing both below 1 Hz. At the other stations, the calibrations
were checked using internal calibration pulses in the field,
and polarities were checked for signals from two more dis-
tant events located at the Galena mine (12 km west of the
westernmost station MOR). Unfortunately, ATL did not re-
cord these events, so polarities were confirmed from ampli-
tude and polarity for events from several different parts of
the Lucky Friday Mine.

Measurement of displacement from accelerometer rec-
ords is difficult because the accelerometer records must be
integrated twice. Although the instrument response is flat to
low frequency for these instruments, instrument noise in-
creases and is amplified on integration. A four-pole butter-
worth high-pass filter was applied at 0.5 Hz to the de-meaned
and end-tapered accelerograms before each of the two inte-
gration steps. Comparison of the spectra indicate that fre-
quencies above 1 Hz are little affected, and although a lower
frequency limit would be desirable, it becomes difficult to
measure amplitudes at the dominant high frequency with
the residual low-frequency components not completely re-
moved. The corner frequency of the largest event studied
here was over 10 Hz, and this leaves much of the signal
relatively free from the effects of the filtering. Considering
that we digitized at 200 Hz, the digital brick-wall filters have
no significant effect on signals below 80 Hz.

The low resultant amplitudes on the transverse com-
ponents of the P phase after rotation of the horizontal com-
ponents (Fig. 3) suggest that the source to station azimuths
are not a major source of error. Inspection of the displace-
ment records shows reasonably simple displacement pulses
at most stations with the notable exception of DED, which
shows an extended coda. The quality of the records varies
from excellent to poor. At MIL, for example, the station is
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Table 1
Network Focal Plane Coverage
Azimuth from Source Hypocentral Distance Inclination to Source P Emergence Angle S Emergence Angle P Takeoff Angle S Takeoff Angle
Station ©) (m) ©) ©) ©) ©) ©)
MOR 261 2663 37 45 79 61 90
MIL 324 2948 39 51 51(M 63 63 (?7)
DED 45 2310 55 57 73 37 53
GOL 319 1997 64 72 70 34 34
ATL 160 1766 73 78 73 22 22
ATL DED GOL MIL MOR
s - 00~ 100 7T T
0
A yA
—90— —1-100- —-100- — L i
- 50|_— T l ] 100_ T l ] 100— T T ] - T T =
s 20 50— -
= L 4
E
0 0 0 0
E
(-8
s 4
=%
£ R -20 R 0
S-50— —-100}- —-100
s - 1o — 100 R
20| 50
0 0 0 ~ 0 0
T T | -20- T 50
il 7100, 97100, |, | R B
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 00 0.5 1.0
Yeconds
Figure 3.  Displacement records for the large event after rotation of the horizontal

components. Vertical (Z), radial (R), and transverse (T) components are shown.

located at the base of a very steep mountain. A reflected P
phase from the opposite side of the mountain unfortunately
interferes with the S phase, making the § arrivals on the
vertical and radial components uncertain. The initial S phase
at many of the stations is immediately followed by surface-
wave trains that, in view of the extreme topographic relief
of the mine area, we did not attempt to model.

Our measurements of the displacement of the initial
P and S pulses were made by transforming the three-
component records were into a ray-path spherical-coordinate
system with the source at the origin to make the P, SV, and
SH phases distinctly identifiable on the r, 6, and ¢ compo-
nents, respectively. The results, as illustrated for station
MOR in Figure 4, are far from ideal, but the initial P, SV,

and SH pulses are evident. An anisotropy of about 4% ap-
pears to be present in the mine area, the initial SH pulse
arriving slightly ahead of the SV pulse.

Following the recommendation of Trifu ez al. (2000),
we employed only the excellent picks in the inversion pro-
cess. The SV picks at MIL were discarded for the reason
stated above. The SV picks at DED, and ATL as well as the
SH pick at DED were also discarded in the moment tensor
analysis because of polarity uncertainty. However, our initial
estimates at these picks nonetheless were found consistent
in polarity with the final moment tensor solution.

Using free surface equations (e.g., Udias, 1999, equa-
tion 5.132), the actual angles of emergence were calculated
along with the displacement amplitudes of the incident P,
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Figure 4. Body-wave displacements at station

MOR transformed to the ray-path coordinate system.
The angles of emergence (e) were found to be differ-
ent for the P and § phases, thus the break in the traces.
The lower two traces are offset 20 and 40 microns,
respectively.

SV, and SH (Table 1). We note that the actual angles of
emergence are all greater than the inclination angle predicted
from the straight-line path from source to receiver. To com-
pensate, we assume a linear increase in velocity with depth,
slightly circular wavepaths, and takeoff angles from the
source as shown in Table 1. We have no geological evidence
to substantiate a more sophisticated velocity model, but this
assumption seems better than an isotropic and homogeneous
velocity model that is inconsistent with our observed emer-
gence angles.

In order to compare observed and modeled displace-
ment amplitudes on a stereonet, the observations were re-
duced to a unit sphere of radius 1 km surrounding the hy-
pocenter. This correction for geometric spreading was
accomplished by multiplying the observed displacements,
after correction for the free surface effect and anelastic at-
tenuation, by the seismic path distance in km to each station.

We did not have accurate relative timing between our
stations and the in-mine geophone system. However, our
evaluation of S-P times from this event and many smaller
events in the mine (Fig. 5) suggests a P-wave velocity of
5.25 km/sec at the source. Previous in-mine tomographic
studies suggested a source velocity of 4.78 km/sec (Friedel
etal., 1995). A district-wide study found 5.74 km/sec (Stick-
ney and Sprenke, 1993). Thus we used 5.25 = 0.50 km/sec
for the P-wave velocity in our analysis. For the metasedi-
mentary rocks in the mine area, we used a density of 2.7, a
Poisson’s ratio of 0.25, and quality factors (Q) of 250 for P
and 150 for S. The 10% uncertainty in velocity translates to
about a 30% uncertainty in displacement calculations. The
range of reasonable Q values results in no more than about
a 10% uncertainty in the displacement calculations. The pos-
sible error from scattering is probably as large as the uncer-
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Figure 5.  S-P times measured from events located

in the mine as recorded by the temporary acceler-
ometer network. The best-fit line shown through all
measurements has a slope of 7198 + 34 m/sec. In a
Poisson solid, this result translates to a P velocity of
5.25 = 0.02 km/sec.

tainty associated with the anelastic attenuation. Combining
these uncertainties, assuming they are independent, results
in a 33% uncertainty in the displacements. Although this
uncertainty seems large, work by Trifu et al. (2000) sug-
gested that meaningful moment tensor inversions can be ob-
tained even with such noisy data, provided that the S-wave
polarities are correct.

Following the method for moment tensor inversion of
mining-related events by McGarr (1992), the moment tensor
of the seismic event was estimated from amplitude mea-
surements of P, SV, and SH body-wave phases in the far
field by linearly inverting:

i» ey

where u; consists of the i sampled observations of ground
displacement of body-wave phases at the various stations
and m; = [M11, M12, M22, M13, M23, M33], a vector con-
taining the six moment tensor elements to be determined
(e.g., Gibowicz and Kijko, 1994). To estimate the matrix A,
we used the body-wave pulse amplitudes measured from
synthetic seismograms, generated using unit values of the
moment tensor elements at ray-path geometries appropriate
for the observations. For each observation i, six synthetic
seismograms were calculated, one for each element j of the
moment tensor. For the first synthetic seismogram, M11 =
1, and all other elements are set to zero; for the second syn-
thetic seismogram, M22 = 1, and all other elements are
zero; and so forth for each element of the moment tensor.
The synthetic seismograms are calculated on a unit sphere
of radius 1 km for the azimuth and takeoff angle appropriate
for each of the i observations. From each of the i X j (66 in
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our case) synthetic seismograms, we measured the maxi-
mum displacement of the body-wave pulse in question for
comparison with our 11 observations of the same. Thus, the
A matrix components are the measurements from the syn-
thetic seismograms, for each m;, corresponding to the actual
ground-motion records of displacement (after correction for
the free surface and reduction to the unit sphere). The syn-
thetic seismograms were computed assuming that the com-
ponents of the moment tensor have same moment rate func-
tion, defined as follows:

My(t) = M, f(1 — cos 2xft)
Mq(1)

for 0 =1 =1/f, (2

0 otherwise,

where M, is the scalar moment, ¢ is time, and f is the inverse
of the displacement pulse duration (McGarr, 1992). Based
on inspection of the displacement records, we used f ~ 10
Hz.

To estimate the moment tensor elements, we then solved
the overdetermined set of equations (1) to find the best fit in
a least-squares sense of the six independent moment tensor
elements to our 11 observed displacement amplitudes. We
used equation (10) from Stump and Johnson (1977) to es-
timate the standard errors of the estimates given the 33%
uncertainty in our data.

Results

The displacement amplitudes predicted by the best-fit
moment tensor solution are displayed on the upper hemi-
sphere of equal area stereonets in Figure 6 along with the
reduced observations. A scatter diagram of the observed and
modeled displacements (Figure 7) shows a correlation co-
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Figure 6.
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efficient (R?) of 0.92 and no discrepant polarities. The mo-
ment tensor for the best-fit shear implosion is:

m [—0.56 = 0.07 —0.73 = 0.10 —0.40
0.10 —0.06 = 0.05 0.22 = 0.04 —0.46 (3)

0.05] X 10" N m.

I+ 1+

The standard errors are acceptably low considering the large
uncertainties in our displacement amplitudes.

The negative trace of the moment tensor indicates a sig-
nificant implosional component in the source. In diagonal-
ized form:

m(diag) = [M11 M22 M33] = [—0.63 + 0.07
—1.07 + 0.08 0.01 + 0.08] X 10 Nm (4)

with eigenvectors representing the directions of the seismic
I, P, and T axes, respectively, in an east—north—up coordinate
system given by:

092 + 004 033 = 0.11 —020 + 0.10)
0.15 + 011 =079 = 0.10 —0.60 + 0.10) (5)
035 + 010 —0.52 = 0.08  0.78 + 0.07).

The I axis plunges gently (12° = 6°) eastward, consistent
with the east—west strike of the bedding and vein. The P axis
plunges moderately (38° + 7°) southward, parallel to the
dip of bedding. The T axis plunges (51° = 6°) northward,
normal to the bedding planes. Thus, because we know from
the documented slip in the access ramp that this event is
associated with progressive bedding-plane slip, we have the
interesting result that the axis of maximum extensional strain
(T axis) is normal to the axis of maximum principle stress
(dip angle of the bedding impinging upon the stope).

Contours of modeled displacements at a unit 1-km distance from the

source projected onto the upper hemisphere of an equal-area stereographic projection.
Also shown, for comparison, are the observed displacements (microns), after reduction

to a 1 km unit distance from the source.
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Figure 7. Regression of observed and modeled
displacements.

Discussion

Dipping metasedimentary beds in the Lucky Friday
Mine gradually slip into stopes located along a nearly ver-
tical vein (Fig. 8). When the slip is stratigraphically below
the stope, as with the case of the 29 August event, White
and Whyatt (1999b) have hypothesized that sudden seismic
failure might occur in the three ways.

If the progressive slip is occasionally halted by asperi-
ties on the bedding plane, the bedding plane itself might fail
violently. In this case, the seismic mechanism would be that
of a double couple, generating normal slip parallel to bed-
ding, with a near vertical axis of maximum principal strain
(P axis). For the event under consideration, we can rule this
interpretation out because no simple dip-slip fault solution
of this orientation can explain the seismic polarities ob-
served.

The second possibility is that, if the stress is concen-
trated at the sidewall-floor junction, thin delaminated bed-
ding layers might buckle in a rockburst and implode diag-
onally upward into the opening, damaging the sidewalls. In
this case, the seismic mechanism would be that of an aniso-
tropic implosion with the axis of maximum extensional
strain normal to the bedding-plane orientation. For the event
under consideration, this interpretation is consistent with our
seismic result in so far that the 7 axis was found normal to
bedding, as well as with the observed sidewall damage.
However, the form of the diagonalized moment tensor so-
lution is inconsistent with theoretical models of anisotropic
implosions (such as crack closures and mine collapses) for
which M11 = M22 = Y4M33 (e.g., Aki and Richards, 1980;
Taylor, 1994; Pechmann et al., 1995). Thus we can rule out
this interpretation as well.

In the last of the proposed models, thrust faulting along
subhorizontal extensional fractures might be promoted, lead-
ing to compression and buckling of slabs surrounding the
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Figure 8.  Cartoon showing slab formation around
stopes in the Lucky Friday Mine. Mining-induced ex-
tensional fractures induced by the cavity form parallel
to the sidewalls and the floor of the stope. Gradual
aseismic bedding slip is accommodated by shallow
thrust faulting along the preexisting horizontal exten-
sion fractures below the stope. Buckling of the upper
plate of the thrust causes the sidewall slabs to buckle
as well and implode into the slope. The principal axis
of maximum stress (g1) is directed down the slipping
bedding plane.

stope (Fig. 8). In this case, the seismic mechanism would be
a shear implosion with a P axis dipping about 45° southward
(parallel to bedding) and a T axis normal to bedding. The
seismic signature of the event would be a shear implosion,
combining shallow thrusting along preexisting horizontal
extension fractures beneath the stope with implosion of the
cavity.

To investigate this mechanism further, we decompose
our diagonalized solution (4) as follows, preserving the prin-
cipal axes:

m(diag) = [M11 M22 M33] = m(imp)
+ m(dcl) + m(dc2), (6)

where m(imp) is the isotropic implosional component and
m(dc1) and m(dc2) are major and minor double couples. We
find

m(imp) = [—0.56 —0.56 —0.56] X 10"*N m
m(dcl) = [0 —0.57 0.57] X 10"°N m (7
m(dc2) = [—0.06 0.06 0] X 10"°N m.

The net deviatoric moment is comparable in size to the im-
plosional moment and is dominated by the major double
couple. The major double couple is consistent with near hor-
izontal thrust motion along a plane dipping very gently
northward, the upper block moving southward. This result
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is suggestive of thrust slip along the preexisting extension
fractures below the stope.

Thus the seismic result supports the interpretation of
the rockburst illustrated in Figure 8. Stress, generated by
bedding-plane slip into the stope, builds up in the unmined
material between the stope and the slipping bedding-plane.
This rock mass eventually fails by sudden thrust offset on
the horizontal extension fractures below the cavity, causing
buckling and violent failure of the slabs surrounding the
stope.

In the Lucky Friday Mine, mining proceeds downward
to reduce rockburst hazard. This is accomplished by maxi-
mizing the vertical distance between the miners and any
remnant pillars of highly stressed material that may lie along
the vein above them. The 29 August event, however, was a
failure in the unmined material, not above, but below the
stope. Recognition of this failure mechanism thus provides
critical information for the proper design of future mitigation
procedures for this type of burst.

Conclusion

Reconciling seismic fault-plane solutions and rockburst
damage has been problematic at the Lucky Friday Mine.
Much of the confusion arises from the presence of mining-
related fractures in the vicinity of openings which form
planes of weakness for seismic slip and which allow the
stope margins to buckle and implode violently into the open-
ings. For the 29 August event, the deployment of state-of-
the-art, high dynamic range, instrumentation made possible
the reconciliation of far-field seismological information and
underground observations in the mine. A shear implosional
model with an axis of maximum principal extension oriented
normal to bedding, explains the seismic data, the damage to
the stope margins, and the observed bedding slip displace-
ment in the access ramp. Often, because of the nature of the
underground environment, direct observations of rockburst
damage are confusing and difficult to interpret. Reliable in-
formation from seismic mechanisms would greatly enhance
the damage assessment process.
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