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Abstract

This study shows that the use of uniaxial recordings maintains the linear dependence of the low frequency displacements,
with first polarities included, on the moment tensor components, and thus can be easily incorporated in the evaluation of failure
mechanism using a moment tensor approach. Synthetic data analysis demonstrates that the errors in the orientation of the principal
strain axes of the mechanism solution can be reliably evaluated using a linear error propagation approximation for up to 30%
variance in the amplitude data. Case studies at the Kidd Mine indicate that the general characteristics of the mechanism solution
are well retrieved, regardless of the type of data used, as relatively small disorientation angles of 15-20° are found between the
solutions derived from rotated triaxial data and those from unrotated triaxial data used as uniaxial data, and of 25—30° between
the solutions based on rotated triaxial data and those on independent uniaxial data.
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1. Introduction

The evaluation of failure components in applica-
tions based on the monitoring of induced seismicity
provides additional information on the stability of the
rock mass. In the mining environment, for example,
the presence of faults and joints, along with that of
drifts and stopes, creates conditions for the occurrence
of both shear and nonshear failures. As such, the use
of the seismic moment tensor approach appears essen-
tial for the characterization of the underlying rupture
mechanism. The monitoring of mine seismicity has
become standard nowadays. Microseismic arrays are
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installed within and around the monitoring volume,
and dedicated algorithms are implemented for the
rapid evaluation of event locations and source param-
eters (Urbancic and Trifu, 2000).

In a recent paper, Trifu et al. (2000) have intro-
duced a fast evaluation of failure components by using
the far-field, point source moment tensor inversion of
the spectral levels calculated in the time domain with
first polarities included. Corroborating the results
derived for an application at Kidd Mine (Ontario)
with on-site information, Trifu and Shumila (2002)
proved the reliability of these solutions. Note that their
technique requires the identification of the P-, SV-,
and/or SH-waves and is therefore limited to the use of
three-component (triaxial) sensors. The use of uni-
axial sensors, however, provides a cost-effective mon-
itoring solution through a denser coverage of the
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study volume, which offers an increased event loca-
tion accuracy and higher sensitivity for the same
number of channels. As such, since numerous mine
arrays contain mainly uniaxial sensors, it is critical to
include this type of recordings in the event mechanism
evaluation.

The goal of the present study is to incorporate
uniaxial recordings into the moment tensor technique
developed earlier and to analyze the reliability and
limitations of associated inversions. Advantage is
taken of the recordings provided by the Kidd Mine
(Ontario) underground array that combines 23 uniaxial
and 10 triaxial accelerometers. This allows for a direct
comparison of results based on rotated and unrotated
waveforms, as well as uniaxial and triaxial recordings,
respectively. The array configuration at Kidd will be
used in both synthetic and real data inversions.

2. Method

A second rank moment tensor (Mj;) is employed to
describe, to a first approximation, a general seismic
point source as seen from the far field:

ii(r, 1) = [Gijwx My (1)) (1)

where i indicates — for simplicity — both a specific
location and wave type (P, SV, SH). For a homoge-
neous and isotropic medium, and a step time function
for all moment tensor components, the expected
spectral displacement field is:

6

U = Zcfk’mk (2)
k=1

where ¢=1/(4npv’R), with p the density of the

medium, v the wave velocity, R the source to sensor

distance, m, are the components of the moment tensor,

and f, /£, /o those of the corresponding excitation

matrices that depend on the take-off and azimuth

angles, all in a vectorial notation (Strelitz, 1978; Trifu

et al., 2000).

Signals recorded by a triaxial sensor can be rotated
into the ray coordinate system, described by the unit
vectors 1, n, and p, and decomposed into the P-, SV-,
and SH-wave trains. However, if only a uniaxial
sensor is available, whose orientation can be described
by a vector w containing the direction cosines with

respect to the ray coordinate system, the projection of
w on the displacements given by Eq. (2) is
6 ~
By = cfim (3)
k=1

where j denotes either the P or S wave (as recorded by
the uniaxial sensor), and the coefficients of the exci-
tation matrix, f;, can be defined as

J}kp :fkp ~(Lw), kaS = ksV - (n,w) +kaH (p,w)

(4)
When the differences between observed (u;) and
theoretical (i7;) displacements are normally distributed
(with dispersion ¢7), the maximum likelihood func-

tion can be defined based on the probability density
distribution function (i) as

Lam) = Y log(y,) = —1/2 3 [(ws — )" /7]

1

— Z loga? + constant (5)

At the optimal point, where L is maximum, the first
derivatives with respect to model parameters must be
zero

oL(m)/om; = 3 [(u; — i)'f /7] = 0 (6)

1

After substitution (using Eqgs. (2) and (3)), a linear
system of equations in the moment tensor components
is obtained, whose solution describes the event mech-
anism. Observational data are the spectral levels of the
P-, SV-, and SH-wave trains from triaxial recordings,
and P-and S-waves from uniaxial recordings, calcu-
lated in the time domain and with first polarities
included, respectively (Trifu et al., 2000). The overall
effect of adding the uniaxial recordings is an increase
in the number of equations and, if the spectral levels
and first wave polarities are evaluated with a similar
consistency, an increase in the solution quality.

3. Array configuration

A volume of about 300 x 300 X 600 m, located
approximately between 1500 and 2100 m depth, is
currently monitored at Kidd Mine in Timmins
(Ontario) by a microseismic array consisting of 10
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Fig. 1. View of the microseismic array at Kidd Mine in a South—
Depth projection; triangles and rectangles correspond to the
locations of triaxial and uniaxial accelerometers, respectively.
Shaded blocks indicate backfilled areas.

triaxial and 23 uniaxial accelerometers homogene-
ously distributed underground (Fig. 1). The triaxial
accelerometers (ESG A3003) have a flat response
between 1 Hz and 5 kHz (£ 3 dB) at a sensitivity
of 3 V/g, whereas the frequency bandwidth of the

Table 1
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uniaxial accelerometers (ESG A1030) is between 50
Hz and 5 kHz ( £ 3 dB) at a sensitivity of 30 V/g. The
signals are digitized at 20 kHz sampling rate, multi-
plexed underground, and transmitted via fiber optic
cables to the data acquisition system on the surface.

The sensitivity of the microseismic array allows for
events as small as moment magnitude —2.5 to be
located to within 10—20 m accuracy. Events with
moment magnitudes between — 1 and 0 usually gen-
erate unclipped recordings at five or more triaxial
sensors. In order to study the accuracy of event
mechanism inversions, both synthetic and real data
are used. Since the purpose of this work is methodo-
logical, microseismic event locations within the mon-
itoring volume are randomly selected for analysis
(Table 1). All the case studies in this paper are based
on the actual microseismic array configuration
installed at Kidd.

4. Inversion quality

Since Eq. (6) remains linear in the moment tensor
components, whether triaxial or uniaxial recordings
are used, the information provided by uniaxial sensors
can easily be incorporated in the inversion technique
previously described by Trifu et al. (2000). The
random errors associated with the moment tensor
estimate depend on how well the model will fit the
data under the existing noise level and signal measur-
ing errors. A statistically optimal data fit provides
unbiased estimates of the moment tensor components,
iy, and their associated covariance matrix, ej.

The event mechanism solution is defined by the
principal strain axes P, B, and T (parallel to the
principal stresses in a homogeneous and isotropic
medium), the relative size and orientation of which
are derived from the tensor’s eigenvalues {4;} and

List of the seismic events used in this study; Err denotes the location error in a vectorial sense and N is the number of first P- and S-wave arrivals

used in the event location

Event # Date (ddmmyy) Time (hh:mm:ss) North (m) East (m) Depth (m) Err (m) N
1 121000 16:38:16 65617 65786 1715 12 22
2 201000 03:06:19 65683 65562 2056 14 17
3 121100 08:04:59 65754 65616 1588 17 24
4 151100 13:09:04 65607 65759 1713 19 21
5 140101 09:43:41 65763 65817 1498 19 29




174 C.IL Trifu, V. Shumila / Tectonophysics 356 (2002) 171-180

eigenvectors {v;} (i=1, 2, 3), respectively. In the proximation. This allows for a parameter g that
general case, the evaluation of the statistical distribu- depends on the moment tensor components to be
tions of eigenvalues and eigenvectors based on the defined as

known distribution of random moment tensor compo-
nents represents a challenging problem, whose theo- dq
retical complexity has been outlined by Xu (1999). 9=q+ Za—mkAmk (7)
The solutions derived are far too complicated and
cannot be applied in common practice.

Based on the assumption that the standard devia- where ¢ is the estimate and the variance is given by
tion of any parameter estimate is small and can be
modeled by a normal probability distribution, a much 0g g
simpler and therefore practical solution can be pro- ZZ ejk (8)
posed, consisting of a linear error propagation ap- mj dmy
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Fig. 2. Histograms of the (a) azimuth and (b) plunge angles of the P axes for 300 inversions on synthetic amplitude data sets corresponding to a
specific double-couple mechanism (see text) and incorporating a variance of 10%. The normal distribution that best approximates the histograms

is also shown, for reference.
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Based on the definition of eigenvalues and eigenvec-
tors, 4=(v,, Mv,), the variance of any eigenvalue can
be calculated using Eq. (8)

2 _ .22 2 2 2
0 = V10, + V20, + v%crm6 + 2vivariy4
+ 2viv3Fie + 2V Virae (9)

where v, v,, and vy are the components of the
corresponding eigenvector and r;; is the correlation
coefficient between the m; and m; estimates. In order
to evaluate the standard deviation of the principal
strain axes (i.e., of their azimuth and plunge angles),

the spectral equation Mv,=4,v; is used to eliminate
A;, and after summing up the resulting equations, the
following expression that links moment tensor com-
ponents and eigenvectors is obtained

F(m,v)=(m; —mg)viva + (m — mg)viv3
+ (mg — me)vavs + ma(vy = v7)
+m3 (v —vi) +ms (V3 —3)
+ (mavs — m3va)vy + (mavs — msvi)v

(10)

+ (m3vy —msvi)v3 =0
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Fig. 3. Standard deviation of the azimuth (solid symbols and lines) and plunge angles (open symbols and dashed lines) as a function of data
variance. The lines with symbols correspond to the results obtained from inversions on randomly altered data sets within data variance limits.
The lines without symbols correspond to the standard deviations derived using a linear error propagation approximation.
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Seismic source mechanism
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Fig. 4. Comparison of source mechanism inversions from synthetic rotated triaxial data and the first component of unrotated triaxial data treated
as uniaxial data, respectively. Three basic double-couple mechanisms were employed to randomly generate 300 data sets per case within specific
amplitude variance limits. A lower hemisphere projection is used, on which open and solid symbols denote the P and T axes, respectively.
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Fig. 5. Comparison of source mechanism inversions (see also Fig. 4) from synthetic data altered within specific polarity limits for three basic

double-couple mechanisms.

The eigenvector components can be written as
v=[sin(d)cos(¢), sin(d)sin(¢p), cos(d)] (11)

where ¢ and ¢ are the parameters of interest, the
azimuth and plunge angles, respectively. These
parameters can be evaluated based on Eq. (7), where
the derivatives are calculated as follows

(/)
@ e

5. Case studies on synthetic and real data

In order to test the performance of the above error
evaluation procedure, the following synthetic case
study was used. For an arbitrary double-couple source
mechanism (P,,=117°, P, =28° T,,=12°,
T,1=26°), a full set of spectral amplitudes was

generated, with first polarities attached, for Event #1
(Table 1) as recorded by the 10 triaxial sensors
currently installed at Kidd Mine, Ontario (Fig. 1).
Noise was modeled in amplitude as a Gaussian
distribution with predefined variance. For each value
of the variance, a total of 300 data sets were ran-
domly generated and then inverted to retrieve the
mechanism solutions (Fig. 2). Fig. 3 presents the

Table 2

The size of the data set employed in event mechanism determination
from rotated triaxial waveforms (T), unrotated triaxial waveforms
treated as uniaxial waveforms (TU), and uniaxial waveforms
recorded at uniaxial sensor locations (U), along with the
disorientation angle for solution pairs

Event # Sample size Disorientation angle (°)
T TU U T-TU T-U

1 22 21 16 16 30

2 15 14 17 17 33

3 19 19 18 14 26

4 23 24 26 18 26

5 25 25 29 11 25
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observed standard deviation of these solutions as a
function of data variance. The error propagation
technique was then employed to calculate predicted
standard deviations. The results obtained show that
although the errors are relatively small, the difference
between the observed and predicted values increases
with increasing variance in the data. It appears, how-
ever, that the linear error propagation provides a very
good approximation, to within 1° for up to 15%
variance, and 5° for up to 30% variance in the ampli-
tude data.

The observed data contain two main sources of
uncertainty: errors in spectral level estimates and first
arrival polarities. Consequently, before using uniaxial
recordings in moment tensor inversions on real data
for event mechanism determination, several additional
synthetic tests are proposed for assessing the reliabil-
ity of the results derived. The first type of error is
modeled as random (Gaussian) noise with a zero mean
value and a standard deviation corresponding to
specific values of the variance in each spectral level
estimate. To simulate the first polarity errors, a pre-
defined percentage of the polarities corresponding to
each wave type data set is randomly altered. Three
basic event mechanism solutions were selected, a
vertical strike-slip faulting, a 45° dip-slip faulting,
and a vertical dip-slip faulting (Jost and Herrmann,
1989) for a source location similar to that of Event #1.
In order to better simulate a real situation, synthetic
data were only generated for those phases (P, SV, SH)
that were identified in the actual triaxial recordings.
Subsequently, a uniaxial seismic network was defined
by retaining only the first channel of each triaxial
sensor. This ensures a data sample of comparable size
for each of the inversions based on triaxial and
uniaxial data, respectively.

The results of this test are shown in Figs. 4 and 5.
Each image is a lower hemisphere projection of the
event mechanism solutions derived for 300 data sets
randomly selected within the specified amplitude and
polarity variance. Although the use of uniaxial record-
ings leads to an additional 5—10° spread in the

orientation of the inverted principal strain axes as
compared to triaxial recordings, it can be concluded
that it provides reliable inversions even for 30%
amplitude variance (Fig. 4). Uncertainties in the first
polarity picking, however, have a significant effect on
the results derived, suggesting that the data for which
polarities cannot be correctly identified should be
discarded (Fig. 5).

An ideal comparison between the use of uniaxial
and triaxial data in the evaluation of the source
mechanism would require a data sample of the same
size and spatial distribution with respect to the seismic
source. In order to best approximate these conditions,
unrotated triaxial recordings can be treated as those
obtained from three independent uniaxial sensors.
There are, however, several practical limitations to
this procedure. For example, one triaxial sensor can
provide a maximum of three data points, correspond-
ing to the identified P-, SV-, and SH-waves, whereas
the interpretation of the same recordings as provided
by three uniaxial sensors could offer six uniaxial data,
three for each of the P- and S-wave data. This has the
potential to create data samples of different size, with
implications on the inversion process. However, since
first wave arrival and polarity cannot always be
resolved from unrotated signals, the use of three
uniaxial recordings at one location may actually
provide less than six data points.

With the above considerations in mind, an analysis
was carried out on five recorded events (Table 1)
exhibiting different data coverage on the focal sphere
and characterized by different mechanisms. The anal-
ysis was exclusively based on signals with clear first
wave polarities. For each event, the mechanism
solutions obtained for various data sets were com-
pared to each other by calculating the disorientation
angle (Table 2), which represents the minimum
rotation angle necessary to make two solutions coin-
cide (Kagan, 1991). The results, presented in Fig. 6,
show that the general characteristics of the mecha-
nism solution are well retrieved, regardless whether
triaxial or uniaxial data are employed. Disorientation

Fig. 6. Comparison of source mechanism inversions for five microseismic events recorded at the Kidd Mine; inversions are based on triaxial
data, triaxial data treated as uniaxial data, and independent uniaxial data, respectively. For triaxial waveform inversions, the observed P, SV, and
SH data are shown on the focal sphere as circles, up-triangles and down-triangles, with open and solid symbols denoting their negative and
positive polarities, respectively. The shaded areas on the focal sphere correspond to dilatational motions in the P-wave radiation for the derived

solution.
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angles of up to 15-20° were calculated between the
solutions derived from rotated triaxial data and those
from unrotated triaxial data used as uniaxial data,
and up to 25-30° between the solutions based on
rotated triaxial data and those on independent uni-
axial data.

6. Conclusions

The monitoring of induced seismicity for engineer-
ing applications such as those encountered in mines
commonly employs uniaxial sensors along with a
limited number of triaxial sensors. For any given
number of channels, the use of uniaxial sensors allows
for a denser array configuration that ensures a higher
sensitivity and increased event location accuracy. In
view of the numerous uniaxial sensors currently
installed in mines, this study shows that the use of
uniaxial recordings maintains the linear dependence
of the low frequency displacements, with first polar-
ities included, on the moment tensor components, and
can thus be easily incorporated in the evaluation of
failure mechanism using a moment tensor approach.

Synthetic data analysis reveals that the errors in the
azimuth and plunge angles of the mechanism solu-
tion’s principal strain axes can be evaluated using a
linear error propagation approximation. The differ-
ences between the observed and calculated errors are
to within 1° for up to 15% variance, and 5° for up to
30% variance in the amplitude data. Additional syn-
thetic studies carried out on case study mechanisms
(vertical strike-slip, 45° dip-slip, and vertical dip-slip
faulting) indicate that uniaxial data lead in average to
similar results as triaxial data under the presence of
random noise equivalent to 30% amplitude variance,
but with a 10° increase in the dispersion of azimuth
and plunge angles of strain axes. The inversions
though are drastically influenced by errors in first
polarities, suggesting that the data for which the
polarity information cannot be clearly identified
should be discarded.

Real data analysis at the Kidd Mine concludes that
the general characteristics of the mechanism solution
are well retrieved, regardless whether triaxial or uni-
axial data are employed. This is supported by the
relatively small disorientation angles of 15-20° cal-
culated between the solutions derived from rotated
triaxial data and those from unrotated triaxial data
used as uniaxial data, and of 25-30° between the
solutions based on rotated triaxial data and those on
independent uniaxial data. Providing that the data
evaluation process is carried out with the same con-
sistency regardless of the type of recordings used, the
incorporation of the uniaxial data in moment tensor
inversion will ensure an increased solution quality.
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