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I INTRODUCTION 

High-resolution locations of microseismic events in mines would greatly 
augment the identIfication Bnd Mapping of geologic structures such as 
faults within the rock mass. Monitoring the mav.roeot and stress in the 
rock maes within the mining environment by microaeiamie analysis should 
aid in the undecstandin& of rock bursting. Such monitoring by focal 
mechanism analysie la critically dependent upon hilh-reaolution loca­
tions Bnd accurate knowledge of the three-dimensional seIsmic velocity 
structure within the rock mass (Billington et al. 1990). 

The Bureau of Hine. i8 developinE methods for 8uch quantitative char­
acterization of deformation by studyinS a work ins hard-rOCK mine located 
in the Coeur D'Alene district of northern Idaho which has discontinuous 
geologic structure. Routine locations of microsaisroic events in the 
mine at diffarant stopes, based on arrival times of P-waves at different 
receivers, have been used to identify those stopes with a higher proba­
bility of bump or burst activity. Adding to this analysis by correlat­
ing individual events with known geologic structures, identifying and 
mapping unknown structures within the rock mass, and determIning the 
direct causes of fracturing will require microseismic locations with 
high accuracy and precision. As a result, a current research direction 
is the identification of those parameters and/or numerieal procedures 
which affect the computed location of a given microseismic event. The 
parameters considered here are the receiver coordinates, arrival time 
picks, and velocity field model. Numerical procedures include the 
location technique (i.e., basis function and numerical algorithm) and 
associated procedures such as receiver weighting, arrival weighting, and 
screening procedures . 

2 NUMERICAL LOCATION TECHNIQUES 

Two general cl.sses of numerical location techniques were considered: 
direct solution and iterative solution. Direct .olution techniques are 
derived by takina differences between the squares of the travel-time 
equation for different receivers and finding a .impllfication which is 
linear in the source coordinates (which mayor may not include the 
source origin time). Hence. a single inversion of a set of these direct 
equations suffice. to locate the source. Two different direct solution 
techniques vere examined. One is a generalized fo~ of the technique 
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derived independently by Salamon & Wiebols (1974: 158. equation 71) end 
by Godson et al. (1980: 157, equation 7) which viII here be called the 
SW-GBM basis function. Salamon and Wiebols cast their fUnction in terms 
of the origin time of the source. vhereas Godson et al. cast their func­
tion in terms of the arrival time at the first hit receiverj however, 
either one can easily be converted into the other. In lenereli~ed form, 
the SW-GBM basis results in m(m-l)/2 equations for m receivers with aD 
arrival of the same seismic phase, of which m-1 independent equationB 
can be selected. Both Salamon and Wiebols and Godson et al. 8uggested 
subsets of m-l equations rather than the m(m-l)/2 equations, and theae 
subsets are different from one another. The other direct solution 
technique vas a Beneralized form of that derived by Blake et al. (1974: 
39. equation C-11) which will here be called the BLD basis function. In 
generalized foem, the BLD basia resulta in m(m-I)(m-2)/2 equationa for m 
receivera. Thu. the set of m-2 equations su&gested by Blake et al. for 
the source location i8 a aubset. Both the SW-GBH and BLD direct basis 
techniques are generally only practical for homogeneous and isotropic 
velocity structure--an assumption which is commonly made for the mininl 
environment. 

Iterative solution techniques are widely used for het.rolen.ous and/or 
anisotropic velocity structures. The most common approach is the gra­
dient technique (Press et al. 1986: section 14.4). An initial startinl 
solution is assumed, and a correction to this solution 1s then found and 
added to the solution. with the process repeating iteratively until the 
correction is sufficiently sm.l1 or some other stopping eriterion is 
met. For the location problem, the form of the equation for the cor­
rection (i.e. I the gradient) i. linear in source coordinates . Some form 
of a gradient basis ia usually used in broad application seismological 
location code8j for example, a type of tull-gradient basia (source 
location and origin time) Is used in HYFOINVERSE (Klein 1918) and a 
spatial-gradient basis (source location only) i. used in HYP071 (Lee' 
Lahr 1972) and HYPOCENTER (Lianert at al. 1986). For both of these 
gradient bases, there are m independent equations which are formed and 
solved iteratively for m receivers. 

The four linear basis functions sbov. were selected for study, i.e" 
the two generalized direct basea (SV-GBM and BLD) and the two gradient 
bases (full and spatial). Some Beneral numerical algorithm for solvina 
the aimultaneous systems of equations formed by theae b.ses is desired. 
The resulting eystems of equations are lenerally overdetermined (i ••. I 

the number of equations is larger than the number of unknowns). Forming 
the normal equations for an overdetermined system is undesirable from a 
numerical analysie standpoint, since this operatioD squares the condi­
tion number of the system to be solved (e.g., Dahlquist' BjHrck 1974: 
section 5.7.1 or Presa et al. 1986: section 14.3i and Niewiadomski 
1989)i therefore. numerical alBorithms auch as Choleski decomposition 
were not used. Tvo La residual norm minimization (i.e., leaat-aquares) 
algorithms which are applicable for overdetermined .ystems were testedj 
these are the QR-decomposition and sinBular value decomposition (SVD) 
(aee e.g., Dahlquist and BjGrck, Preas et a1.) which can be coded to 
directly solve overdetermined systems without fo~iDS the normal equa­
tions. The code for the QR algorithm yaa written by the first authorj 
the code for the SVD alsorithm vas adapted from Fortran code given in 
Fresa at al. The.a QR and SVD code. gave nearly identical results, 
which is not surprising since the SVD algorithm is based on a QR 
decomposition (e.,., Press at al., aection 1.9). Solutions using the 
somewhat more involved SVD codes are uaeful if one wishes to obtain an 
error estimate of the solution (aBeuminl .11 errors are normally 



distributed) . A linear ai~plex allorithm should live an L, residual 
norm minimization and, as a result, should be less sensitive to outlyinl 
data points than least-squares allorithm.. However, trial solutions 
made by using a linear simplex code lave erratic results. The results 
discusaed below implemented either a QR-decomposition or SVD code to 
solve the linear systems formed by the four baa is functions. 

In the absence of error, ell numerical location techniques should be 
able to locate sources very well, that is, the difference between a true 
(synthetic) aource location and the final result of the location tech­
nique should be due to numerical noise of both the input data and the 
numerical algorithms used . For the size of the typical array in the 
mine under study (-100 m across) and the particular hardware beiDI used 
(32-bit single-precision floating point), these nuroerical errors amount 
to discrepancies betveen a synthetic source and the computed location of 
this aynthetic source of at moat a fev centimeters, with typical 
dIscrepancies of millimeters or less. fhi. vas found to be true 
regardlea. of what baais vas used for the location proces •. 

3 PHYSICAL SOURCES OF ERROR 

Next, an attempt wa. made to model the various physical errors asso­
ciated with a real microseismic array assuminl • simple homoseneoua and 
isotropic velocity structure. One source of error i8 the spatial uncer­
tainty of the receiver coordinates. Receiver positions for a real array 
were obtained by a survey using electronic distance measurement (EDH) 
equipment. The uncertainties associated with the EDH-surveyed receiver 
coordinates are estimated to be 0.05 m or less . 

Another source of error is the temporal uncertainty of the arrival 
time pick at each receiver. D1s1tal waveforms of mlcroseismic events 
were recorded at 100 kHz sampling with 12-bit dynamic range and were 
later analyzed to obtain arrival times by a peraon u8ing a high-resolu­
tion sraphic8 vorkstation--an interactive system discussed in detail 
elsewhere. These manual picks are unlikely to be earlier than the 
actual arrival (which is unknown) by more than one or two digitizing 
intervals, but could be later than the actual arrival by an amount 
roughly proportional to the distance of the source from the receiver. 
For example, impulsive arrivals vere lenerally recorded at receivers 
close to the source and could often be picked vith an uncertainty judged 
to be il0 ps, i.e., plus or minus one digitizins interval. For receiv­
ers with later arrivals (receivers farther from the source), the arrival 
was sometimes more emersent, probably due to attenuation of high 
frequencies and multi-pathinli manual f-vave picks are therefore 
estimated to be as much aa 200 ~s late for receivers up to 200 m diatant 
from the source for smaller events. 

A third aource of error is in the determination of velocity. The 
actual velocity structure in the typical herd-rock mine environment is 
complicated, due to both the geology (bedding, fault structure. are 
veins, etc.) and the minlnl procesa (mine openings, sand-filled stopes, 
mininl-induced fractures. etc . ). It is reasonable to ask whether a 
ain&le value for the f-velocity is in any way representative of the 
actual structure. Uains the array discussed above. waveforms were 
recorded from a set of calibration blasts detonated at a surveyed aite 
near the center of the array at a stope beinl worked. Using manual 
picks of first arrivals from the blasts and the surveyed locations of 
both the receivers and the blast site, an estimate of the atrailht-line 
averale velocities waa obtained (Figure la) along with the level of 
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Figure 1. (.) Azimuthal variatioD of mean P-veloclty determined from 
calibration blast. with dashed line representlnl the beat fit of 5.02 
km/s. (b) Travel-tIme va. straight-llna distance betw.en blast aite and 
receivers. Solid line. 5 . 02 km/s. n •• hed line (5.64 km/.) is perhaps 
~re typical of uDfractured roek in the mine. 

f-velocity heterogeneity (about ±25%) at the re ••• rch aite. A travel­
tIme va. distanca analya18 (Fllure Ib) revealed that the mean velocity 
wa. 5.02 km/a (solid line) with an uncertainty of ±0.2 kh/a with 951 
confidence. A hieher velocity of 5.64 km/a (dashed line) may be repre­
sentative of mina-wida paths throu8h nearly intact rock, whereaa the 
lower velocity (5.0210.2 km/s) may correspond to averaSe paths near the 
mina openings vhich sample hiahly fractured rock. 

4 RESFONSE OF NUMERICAL LOCATION TECHNIQUES TO ERROR 

The influence of the phy.ical sources of errora on the numerical loca­
tion procass wa. examined by numerical experiment. A eet of 1,000 syn­
thetic source locations vere randomly chosen centered about the coor­
dinates of the real array. Synthetic arrival times at array receivars 
were calculated ••• uming perfectly known receiver coordinates and a 
veloeity of 5.0 km/.. Computed locations of these 1,000 synthetic 
events were determined aftar including various arror., •. g., travel time 
errors and receivar coordinate errors aa outlined above and/or a 
velocity different than 5.0 km/s. The discussion of the rasults Biven 
below is qualitative due to space limitationsj a more quantitative 
summary is bains pr.par.d by the authors . 

It was found that solutions ba.ed on different b •• i. fUnctions handled 
error. diff.rently. In particular, if only arrival time errors and/or 
receiver coordinate .rrore (which are largely random) vere pres ant, then 
the Iradient b •••• performed better than the direct b.ses. (Here a 
basis which yieldad computed loc.tions closer to the true .ynthetic 
aourc •• ite. th.n another ba.i. with the .ame parametera va. d •• Med to 
have a better loc.tioD p.rfo~nce.) Alao, the spatial-gradient basis 
perform.d slightly b.tter than the full-gradient baslsi the SW-GBH 
direct b.aia p.rformed better than the RLD direct baaia. For the direct 
bases, the more compl.te the Bub •• t of .quatloDs and the more balanced 
the repr ••• ntation of information from ell receiver., the ~tter these 



bases perfonmed. The spatial-gradient basis tended to give solutions 
with the loweat travel-time residuals. 

However, when uling a velocity different than 5.0 km/s (a strong sys­
tematic error), the best performance vas obtained by using a particular 
subset of the SW-GBH basis functiona, 1.e., a sub.et of m-l equations 
formed by paira of receivara ordered by arrival times, vhich is the 
subset suggested by Godson et al. (1980). Thia vas followed in perfo~­
ance by the ELD basia and then the gradient bases. EVen though the 
gradient baaes yielded the biggest location discrepancies in this case, 
the spatial-gradient basis again tended to giva solutions with the 
lowest travel-time rasiduals (i.e., difference of observed and calcu­
lated arrival timas). 

The SW-GBH basis (vith the special subset of m-l equations) performs 
the best with a .ystamatic arror in velocity and does reasonably well 
with random arrors in arrival time picks and receiver coordinates. 
Consequently, with the assumption of a spatially uniform velocity, this 
direct linear .ystem solved by either QR-decomposition or SVD has been 
selected as the preferred location technique for the remainder of this 
investigation. However, vith a more spatially complicated velocity 
structure, the direct basis may prove to be impractical to implement. 

Location discrepancies were found for 1,000 synthetic event sites 
using errora typical of the above microseisroic systaro, i.e., EDH-survey­
ed receiver coordinates, manual picks of first arrivals, both receiver 
and arrival weighting, receiver dropout (on average, one-third of 12 
receivers). and the above implementatIon of the SV-GBH basis. Figure 2 
shows the horizontal spatial discrepancies between the known synthetic 
source sites and tha computed source sites for this .yatem. A P­
velocity of 5.2 km/s (4% arror) va. used for the computed locations 
representing a 20 deviation in velocity from the mean of Figure lb, 
whereas 5.0 km/s vaa used to calculate the original synthetic arrival 
times. The spatial discrepancies are similar in magnitude to those in 
Figure 2 when a l-velocity of 4.8 km/s is used for the computed loca­
tions. The vertical spatial discrepancies are about two times larger 
than the horiZontal due to the gross receiver array leometry. 

5 LOCATIONS OF CALIBRATION BLASTS 

The accuracy and precision of source locationa for a given system can be 
field tested by locating calibration blasts. In Figure 3, the computed 
locations of the set of five blasts used for Figure 1 are compared to 
the surveyed site from which all five of the blasts were detonated. The 
computed blast locations are at the center of skewed triad symbols which 
denote the axe a of the apatial uncertainty ellipsoids of 95% confidence 
of each location uains an SVD allorithm on m-l SW-GBH basis functions. 

Several observations can be made: (1) The 95% confidanca error ellip­
soids of the computed locations do not enclose tha surv.yed blast site. 
There is about a 10-m offset of the center of computed blast locations 
from the surveyed blaat site. Based on the controlled-error analysis 
(FiEur. 2), arrors anticipated with this microseiamie syatem are con­
siderably leas than this amount (Figure 3). Presumably, this lack of 
location accuracy i. due to inadequate modeling of the complex velocity 
structure. (2) Four of the locations form a clueter about 2 m across, 
and each one is eontained within the 95% confidence limits of the 
others. Each ot the •• four blasts had usable arrival_ on about the same 
set of receivers ; tharefore, the only difference in these tour blast 
locationa comes trom sli&htly different arrival time piek.. (3) The 
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Figure 2. Plan view of mine opening geometry. receiver array (solid 
circlea), and composite location discrepanci •• for 1,000 synthetic event 
sites uainl errors typical of the microselsmic system discussed in the 
text. Surveyed position of the blast site 18 indicated by • -b R , sur­
rounded by a dashed box equivalent to region in 7igure 3a. 
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Fllure 3 . Computed locations of same fIve calibration blasts (center of 
skewed triad symbols) 8S used in FIgure 1 as compared to Burveyed site 
of .11 five blasts (symbol at Wb W

) about 5 m below main level. Triad 
symbols indicate axes of spatial uncertainty ellipsoid at 95% confidence 
all determined by an SVD algorithm. (a) Plan view. (b) Vertical 
projection, looking NY. (c) Vertical projection, looking HE . All to 
lIame Beale. 
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fifth blaat location, which is offset from the other four, had usable 
arrivals on a amaller set of receivers, but had the same malnitude of 
relative arrival time offsets. The location offset of thie fifth blast 
is then due prim.rily to array geometry effects in the numerical loca­
tion process. (4) The error ellipsoids of all of the blast locations 
have the same leneral maialtude, aspect ratio, and .patial orientation . 
The ellipsoid malnituda acale. in proportion to the mean travel-tIme 
residual of the location; the a.pect ratIo and the orientation i8 an 
array leometry effect . Since one of the blasts, i.e ., (3) above, uses a 
subset of receivers from the other four, it seems that in this example 
the computed location of the blasts i. more sensitive to the numerical 
location process than the SVD uncertainty of the computed location which 
assumes. priori normally distributed errors. 

6 CONCLUSIONS 

From a 8et of widely used numerical location techniques, one was found 
to have the lowest .patial discrepancies for synthetIc events in the 
presence of errocs usinl a spatially unifo~ velocity and m receivers. 
This technique uses a direct solution basis function whIch is used to 
set up m-l independent linear equations similar t o thoae used by Godson 
et al . (1980) . Accounting for all errors except the actual hatero-
8eneous velocity structure (part!ally indicated in Filure 1) for an 
array about 100 ~ in size results in spatial mislocation errors (Figure 
2) which ere compa rable to the location precision of a .et of calibra­
tion test blast a (Filure 3). Location precision of bl.sts and micro­
seismic avanta for this array is probably about ±1 meter , currently 
limited by the ability to pick first arrivals. Location accuracy, how­
ever, is currently lImited by inadequate model ins of the velocity struc­
ture rather than by receiver position accuracy. If the velocity in the 
mine environment vere actually spatially uniform, ita accurate deter­
mination would b. relatively simple. The computed locations of test 
blasts show that (1) the velocity at the test site i. not spatially 
uniform; and (2) it. variation does not allow computed locations of 
calibration blaata and presumably of microssismic event. with accuracy 
better than about 10 meters. Such accuracies may be sufficient for 
routine microseismic monitorinl in the mine environment , but are inade­
quate for detailed analyses of the deformation mechanics in these media 
as required by source analyses such as determination of f ocal mecha­
nisms . Therefor., a detailed image of the P-velocity structure at the 
research site will eventually be attempted through tomographIC proce­
dures. 
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