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h approach is presented for systematically screening large volumes of continuous data for

repetitive events identifiable as mining explosions on the basis of temporal and amplitude popula-

tion characteristics. The method extends previous work ofIsraelsson(199 1) and Riviere-Barbier

and Grant (1993) on event clustering through waveform correlation with a new source-region-

specific detector. The new (signal-subspace) detector generalizes the matched filter and can be

used to increase the number of events associated with a given cluster, thereby increasing the reli-

ability of diagnostic cluster population characteristics.

The method can be applied to obtain “bootstrap” ground truth explosion waveforms for testing

discriminants (see Walter et al., this volume), where actual ground truth is absent. The same

events, if associated to a particular mine, may help calibrate velocity models. The method may

also assist earthquake hazard risk assessment by providing what amounts to blasting logs for iden-

tified mines. These cluster event lists can be reconciled against earthquake catalogues to screen

explosions, otherwise hard to identi~, from the catalogues.

The method is demonstrated with data from the Gafsa, Tunisia MEDNET station (GFA).

From 88 days of intermittent continuous data, 5 clusters were identified with 4 containing 106

probable explosions and the fifth containing 10 probable earthquakes and aftershocks.

Keywords: Waveform correlation, ground truth, calibration, detection, matched filter, event clus-
tering, Middle East, North Africa.
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OBJECTIVE

The objective of this research is to develop reliable, automated procedures for acquiring
explosion event data in the absence of hard ground-truth information. The specific target events
are repeatable mining explosions conducted over periods of months or years. The CTBT applica-
tions are to develop efficient algorithms for screening mining explosions, and to create libraries of
ground-truth events for developing travel-time calibrations and testing discriminants.

This study extends previous work byIsraelsson(199 1) and Riviere-Barbier and Grant
(1993) on event clustering through waveform correlation. These methods rely upon the observa-
tion that events at a single mine oflen produce highly repeatable seismic waveforms. Waveform
correlation measurements identi~ repeatable waveforms, and cluster analyses of those measure-
ments identi@ groups of events presumed to originate at discrete source locations. These event
groups may be associated with particular mines by estimating the event locations and comparing
these locations with a list of known mine positions. The result is a set of ground-truth events suit-
able for testing and calibrating location algorithms and discriminants.

Pursuing this cluster identification approach is difficult when the existence of mines in a
particular region is unknown or the mine positions are uncertain. If the region is also a source of
natural seismic activity, it maybe difficult to rule out the possibility that observed event clusters
are aftershock sequences. Attributing event clusters to mines also maybe difficult when the
events are small and observed by a single three-component station. Single station locations may
not be sufficiently accurate to correlate estimated event locations with known mine positions.

A solution to the source identification problem might be found by examining several pop-
ulation characteristics of event clusters. The distribution of events by hour of day (Walter and
Harris, 1997) is an especially potent clue. Mining events usually occur during working hours;
earthquake origin times are random. The long-term temporal distribution of events is also diag-
nostic of source type. Explosions should occur mm or less regularly at a mine when viewed on
the scale of months or years, but earthquakes will be highly episodic with an exponential decay in
frequency of occurrence (following omori’s law). The magnitude distribution of events also may
be diagnostic. Explosions may have a restricted range of sizes corresponding to economically
viable scales of production; aftershock magnitudes should exhibit a wider, logarithmic magnitude
distribution with no minimum (other than that set by the detection floor of the station).

The reliability of cluster identification improves as the number of events in a cluster
increases. This study introduces a method for systematically screening large volumes of continu-
ous data to identify larger numbers of events belonging to defined clusters. The principal innova-
tion is a detection algorithm, generalizing the matched filter, which is sensitive only to events
from specific source regions. The detector is generated from master events chosen to represent a
specific event cluster. By virtue of its pattern-matching design, the algorithm is substantially
more sensitive than STA/LTA algorithms at negligible false alarm rates,

RESEARCH ACCOMPLISHED

Procedure

The proposed procedure for acquiring large number of clustered events is outlined in Fig-
ure 1, and has been applied to data from the MEDNET station GFA in Tunisia. The general strat-
egy is to obtain a “seed” pool of about 200 events by conventional means for initial definition of
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event clusters, then to construct specialized detectors (one for each cluster) designed to “sweep
up” all of the events originating from the cluster sources. For the collection of the initial event
pool, any suitable detector may be used. Experience with GFA and another MEDNET station
MDT (see Walter et al., this volume) has shown that a simple STWLTA detector applied to about
3 months of data results in about 400-500 detections that can be culled to about 200 legitimate
events for initial clustering.

Hierarchical agglomerative algorithms are suitable for defining event clusters (single-link-

J

age, Israelsson, 1991; complete-linkage, Riviere-Barbier and Gra@ 1993). These proced-ures
require waveform correlation calculations for all distinct pairs of events. A computer program
was prepared to compute the correlations for the available three-component data from GFA using
the method outlined in Harris (1 991). This method compensates for small errors of alignment and
some variations in source time function between waveforms. The program requires P arrival
times to be picked to an accuracy of about 1 second. It then extracts and correlates waveform seg-
ments beginning before the pick tjrne (5 seconds before for the GFA data) and extending beyond
the last significant arriving energy (for a total duration of 75 seconds in the GFA data). A single-
link algorithm was applied to the GFA correlation measurements to define clusters. This algo-
rithm sorts the available correlations into descending order, then groups events sequentially using
correlation measurements as links. The grouping begins with the largest correlation, then pro-
ceeds to successively smaller correlations until a stopping threshold level is reached.

Once the clusters are defined, special detectors, referred to here as signal-subspace (or just
subspace) detectors, are derived for each cluster Ilom representative master events. These detec-
tors are extensions of matched filters and are designed to trigger on wavefoxms representable as
linear combinations of the master event waveforms (Harris, 1991). Conventional matched filters
operate by correlating successive segments from a continuous data stream against a single repre-
sentative waveform. Subspace detectors operate by correlating successive segments against the
best linear combination of master event waveforms from a collection of events (best in the sense
of maximizing the correlation). The term “signal-subspace” refers to the fact that the master
event waveforms can be thought of as a basis for a subspace in the vector space of all signals.

Subspace detectors may have an advantage overmatched filters, because a single master
event waveform may not always represent well the range of Green’s fimctions, mechanisms and
time histories that may occur for sources within even a very small geographic area (such as a sin-

gle mine). By synthesizing a range of Green’s finctions, source mechanisms, and time histories

from the master event basis, these algorithms have the potential to match and detect more events

originating in the region being characterized.

Subspace detectors can be used to reprocess the continuous data stream to increase the

number of events belonging to the clusters already defined. T~ically, these events are smaller

than those detected with the STA/LTA algorithm with lower SNR. Nevertheless, their presence

increases the reliability of discerned patterns in the cluster populations that identify source type.

Results

Figure 2 shows the position of the MEDNET station GFA used as a test case for the new proce-
dure. The figure shows the known (primarily phosphate) mines in the region, and the location of
one earthquake identified by the’procedure. The waveforms of two representative clusters are
shown in Figure 3; the first cluster corresponds to a nearby (31 km) mine at the major phosphate
mining district of Mdhila. Waveforms of this cluster frequently show marked air waves.
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Although the P and S phases are not well sep~ated in these events, the presence of air waves (A)
permits an accurate estimate of range (from A-P times).I

I In all, 5 clusters were chosen for detailed examination. Subspace detectors were derived,
I for these five, then applied to the same 88 days of data originally screened by the STA/LTA detec-

tor. The detection threshold was set low enough to trigger on events smaller than those detected
by the STUTA algoria yet no false alarms occured. Frequently, the number of new events
discovered by the subspace detectors significantly increased the size of the clusters (for example,
by a factor of two for Cluster 4 shown in Figure 3).!

Events in 4 of the 5 clusters are regularly distribute suggesting continuing mine opera-J
1
i

tions. Figures 4 and 5 show the distribution of detected events over the entire period for which
data are available from GFA. The detail plot in Figure 5 suggests that the larger mines shot fie-

; quently, almost daily. The events of Cluster 4, however, fall within a narrow time range and are
not uniformly distributed. The disparity between this cluster and the other 4 is most clear in Fig-
ure 6a, which shows the distribution of events by hour of day. Events of the 4 regular clusters all

1

fall within normal working hours; Cluster 4’s events are scattered at random throughout day and
night. Cluster 4 also exhibits an anomalous amplitude distribution; it has the largest and the
smallest events, with most events concentrated at the low end of the amplitude scale. The tempo-
ral and amplitude patterns of this cluster are more consistent with an aftershock sequence than
with normal open-pit mining.4

CONCLUSIONS AND IUICOMMENDATIONS

t
Calibration of seismic discriminants and travel times is hampered in regions of the Mid-i

dle East and North Africa by the paucity of ground truth information. The waveform correlation
procedure presented in this paper provides one means of “bootstrapping” ground-truth informa-
tion from as little as three months of data (provided nearby mines are consistently active). The

! method shows promise for identi~ing the number of mines (or at least mining complexes) in a
region and, perhaps,even providing a surrogate blasting log for each distinguishable mine. TheI
key is to ident@ enough events in each cluster that statistical analyses of temporal and amplitude

!
patterns provide reliable clues to the origins of the clustered events.

$ Future work will concentrate on the systematic application of this procedure to stations in
I

the Middle East and North Africa which provide continuous data. The results of this procedure
I also are applicable to earthquake hazard risk assessment (by keeping earthquake catalogs clean oft
I blasting events),and may form the basis for collaborative work with regional seismologists.

1
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Figuire 1 Schematic of procedure for detecting large numbers of clustered events. The method has three
main steps: detect, cluster and reprocess (with specialized detectors). The first two steps are essentially
the same as previous waveform correlation methods; the third enhances sensitivity to smaller events.
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Figure2 Map of the known mines (circles), stations (stars) GFA and IMS (site) THA, and loca-
tion of presumed earthquake (inverted triangle) in north and central Tunisia. The correspon-
dence of the clusters with mines (see remaining figures) is made on the basis of range estimates
calculated from the separation of air and P waves. The earthquake location (largest Cluster 4
event) was supplied by the Tunisian national seismic nehvork.
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Cluster 1

Cluster 4

200 seconds
Figure 3 Event waveforms for two clusters defined by single-link analysis followed by repro-
cessing the data with subspace detectors. The first cluster of events probably originate at the
phosphate mining complex ofMdhila31 kilometers from the station, based upon a range estimate
made from the evident air waves and P phases. The second cluster (Cluster 4) maybe an after-
shock sequence based upon the population analyses of the next thi-ee figures. The Tunisia
national seismic network located the largest of these events (Ml 3.3) near Mdhila.
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Figure 4 Long-term observations of event distribution in clusters maybe a powerful tool for
determining the identities of the sources. This figure shows the temporal distributions of events
triggering subspace detectors designed for each of the five clusters studied. The clusters show
regular event occurence in four of five cases. The clusters are tentatively associated to major min-
ing districts (Kef Schftir and Mdhil~ central Tunisia) based upon ranges estimated from air wave
- P times. The horizontal bars along the bottom of the figure indicate the periods for which data
were available from GFA.
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Figure 5 Detail of the time period from day 200 to day 241 shows the regularity of the events in
clusters 1, 2 and 3. It appears that the mines corresponding to these clusters detonate explosions
frequently, even daily. This fact suggests that the size of the charges is probably small. The Clus-
ter 4 events all occur within an eight day period, and appear episodic. Two episodes each have
three events that appear to occur simultaneously on this scale. This more random distribution is
consistent with an earthquake source.
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(a) Event Distribution by Hour of Day
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(b) Event Distribution by Ampiitude
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Figures 6 Event distributions by (a) hour of day and by (b) amplitude indicate that Cluster 4 is a distinct
outlier. Events in Clusters 1,2,3, and 5 all occur during normal work; the events of Cluster 4 are random.
The amplitudes of events in Cluster 4 show the largest dynamic range-having both the largest and smallest
events, with events most frequent at the smallest amplitudes. The other clusters are more concentrated in
mid-amplitude ranges. The amplitudes are plotted linearly and are uncorrected for distance.
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