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I. INTRODUCTION

Although the majority of large seismic events can be identified as earth-
quakes or explosions on the basis of teleseismic measurements, regional sig-
nal properties are expected to play an important part in identifying smaller
events. Since the early days of interest in seismic discrimination, numerous
methods have been proposed for using regional signal measurements to
achieve identification (cf. Blandford, 1981; Pomeroy et al. , 1982). However,
the discovery of suitable regicnal discriminant measures has proven to be
elusive. Determination of reliable regional discrimination techniques requires
testing of signal measurements on wel!-controllea samples of explosions and
nearby earthquakes so as to minimize differences which are not related to the
source type. Ideally, the methods should be tested in the areas where they
are intended to be used. If regional discriminants cannot be suitably tested in
such areas, methods must be developed to extrapolate the experience from
other areas. The latter requires development of understanding of why a
regional discriminant works including knowledge of the signal behavior to per-
mit separation of source and propagation effects. The research described here
was designed to improve regional discrimination capability by analyzing the
regional seismic signal characteristics from a variety of sources observed in
different tectonic environments.

The investigations conducted under this contract have focused on ana-
lyses of the higher-frequency phases observed at regional distances from three
different types of sources: (1) underground nuclear explosions, (2) earth-
quakes, and (3) mine or quarry blasts. In our analyses we systematically com-
pared the time-domain amplitude and spectral characteristics of the observed
regional seismic signals while seeking to identify diagnostic differences which
would be indicative of the source. Tectonic environments which were investi-
gated in this study included (1) eastern North America, (2) the southern Soviet
Union and (3) the western United States. Each of these environments pro-
vides a unique contribution to the regional discrimination problem. Stable con-
tinental areas of central and eastern North America are thought to be analo-
gous in many ways to platform regions of the Soviet Union with regard to
regional seismic wave generation and transmission. Past studies of regional




phases from Soviet underground nuclear explosions were frequently forced to
rely on measurements at far-regional stations where the signals were
extremely weak (cf. Nuttli, 1981; 1986). Recent installation of new stations
have made available regional data from the southern Soviet Union enabling
relevant testing of regional discrimination methods for this area where the
capability is most needed. Finally, the western U.S. sample of underground
nuclear explosions and nearby earthquakes provides the controlled source
sample which permits closer analyses of hcw regional signal generation is
influenced by various source factors.

The analyses were performed on the high-quality digital seismic data
which were available from each of these tectonic environments. For eastern
North America we used data from the Regional Seismic Test Network (RSTN)
and the Eastern Canada Telemetered Network (ECTN). For the southern
Soviet Union the data sources were the Chinese Digital Seismic Network
(CDSN) and the Soviet/Natural Resources Defense Council (NRDC) seismic
network surrounding the East Kazakh test site. For the western U.S. we relied
on data from the Lawrence Livermore National Laboratory Network (LLNL) and
some RSTN stations. Although the useful frequency range of these different
seismic systems varies, in general the data permit analysis of higher frequency
signals than those used in most previous investigations of regional discrimina-
tion. Furthermore, because of the potential interest in extending discrimination
capability to lower thresholds, added focus in these investigations was given to
consideration of commercial blasts which appear to be frequent contributors to
the regional event samples in areas of interest for nuclear monitoring.

For eastern North America we compared the characteristics of the regional
signals from mine blasts and earthquakes recorded by the RSTN and ECTN
systems. The RSTN analysis included data from 22 grasumed mine blasts, 14
earthquakes and a mine collapse recorded at station RSCP. The records
showed good P and L phases. The Ly/Pn,, amplitude ratios were generally
larger for the earthquakes than the blasts, but observations showed consider-
able scatter and intermingling which made the distinction unreliable. Many
blasts and the mine collapse produced strong, short-period Rayleigh waves,
Rg, but this was not the case for all blasts. L and Py spectra indicated more
rapid spectral decay above the corner frequency for blasts than for earth-
quakes.




The North America database at ECTN consisted of 36 events with magni-
tudes between 1.0 and 5.1 including seven presumed quarry blasts. These
were recorded at multiple stations in the network to a fairly high digitizing rate
(viz 60 samples per second). Our analyses of these data focused on an
attempt to identify potential evidence of multiplicity in the source which is
expected from the delay shooting typical of commercial blasting practice.
Using the multiple station data, cepstral analyses were performed on the P-
wave spectra from selected events. These analyses revealed evidence of
deterministic modulation in the spectra from both quarry blasts and earth-
quakes with fairly large quefrencies. It is suspected that this observation may
correspond to a propagation effect rather than a source effect.

For the southern Soviet Union we analyzed observed regional phases
from East Kazakh explosions and comparable earthquakes recorded at the
CDSN station WMQ and from presumed mine blasts recorded at the
Soviet/NRDC network stations. The WMQ database included 12 East Kazakh
explosions and 20 earthquakes with magnitudes from 4.5 to 6.1 m,. Because
of the lack of natural seismicity near East Kazakh, the comparable earthquakes
were selected from throughout the region surrounding WMQ. The records
showed strong P and Ly phases from both earthquakes and explosions.
Broadband Ly/P amplitude ratios tended to be larger for earthquakes than for
explosions, and the differences were concentrated at high frequencies. This
result suggests a promising discriminant, but it must be strongly noted that the
effects of attenuation differences in the crustal paths for the explosions and
earthquakes have not been completely taken into account.

The analysis of the Soviet/NRDC network data focused on the characteris-
tics of the regional phases from a large number of presumed mine blasts in the
East Kazakh region which were recorded during the operation of the network.
These events produced strong Py and L, signals to ranges of at least 400 km.
Ry was also strong for many but not all events, and some evidence was found
of spectral scalloping which might have been associated with shot delays in the
presumed blasts.

For the western U.S. we used the LLNL database to continue our analysis
(cf. Bennett et al. , 1987a,b) of the Ly and P, spectral characteristics of 10
NTS explosions and eight nearby earthquakes. The observations were




generally in agreement with previous findings (cf. Murphy and Bennett, 1982;
Bennett and Murphy, 1986) that the earthquake L, signals appear to be rela-
tively richer in high frequencies than comparable explosions. We also found
evidence that burial of the explosion below the water table at Yucca Flat may
enhance high frequencies in the regional phase signals, but this effect may not
be adequate to compromise the discriminant.

For the western U.S. we also compared amplitude and spectral charac-
teristics of the regional signals recorded at RSTN station RSSD from several
larger NTS explosions and comparable earthquakes in California. The
observed Ly spectra seemed to be somewhat more sharply peaked for the
explosions than the earthquakes. Bandpass filter analyses of the signals
revealed some interesting dependencies of the Lg-to-P amplitude ratio on fre-
quancy; but significant source and path differences exist between the events
compared, and the dependence on these factors needs further study.

This report is divided into five sections including this introduction. Section
Il describes the analysis of eastern North American quarry blasts and earth-
quakes using the RSTN and ECTN data. Section Ill presents the observations
for the southern Soviet Union using the CDSN and Soviet/NRDC network data.
Section IV describes the analysis of the LLNL and RSTN data from western
U.S. nuclear explosions and earthquakes. Finally, in Section V we summarize
the main conclusions from these studies and offer recommendations for further
investigations of regional discrimination techniques.




Il. EASTERN NORTH AMERICAN QUARRY BLASTS
AND EARTHQUAKES

2.1 Eastern North America Data Sources

The stable continental areas of the central and eastern U.S. are thought to
be analogous in many ways to the platform regions of the Soviet Union with
regard to crustal properties and seismic wave transmission. Based on this
analogy considerable research efforts (cf. Blandford, 1981; Pomeroy, 1977,
1979; Pomeroy et al. , 1982; Gupta et al. , 1984) over more than a decade
have focused on understanding the propagation of regional phases in the
eastern U.S. with the idea that this experience could be extended to the Soviet
Union when regional seismic monitoring stations become available there. A
particular problem in such monitoring environments is likely to be the
identification of the frequent small explosions used in commercial development
such as quarrying, mining and construction activities. The seismic discrimina-
tion problem could be greatly facilitated if simple procedures could be deter-
mined to distinguish these commercial blasts from small underground nuclear
explosions. With this in mind a part of the current research effort was devoted
to investigation of the regional phase seismic signals from small commercial
blasts and nearby earthquakes in eastern North America. In these investiga-
tions we utilized data from two sources: the Regional Seismic Test Network
(RSTN), in particular station RSCP, and the Eastern Canada Telemetered Net-
work (ECTN). Each of these sources provided good quality digital seismic data
with relatively high sampling rates permitting extraction and analysis of high
frequency characteristics of the regional signals.

2.2 Analysis of RSTN Data

The Regional Seismic Test Network was established in the early 1980's as
a prototype of a high quality network of digital seismic stations providing real-
time regional monitoring capability for North America. The network consisted
of five stations located in New York (RSNY), Tennessee (RSCP), South
Dakota (RSSD), Ontario, Canada (RSON) and Northwest Territories, Canada
(RSNT) with digital data transmitted by satellite link to a central processing




facility.

It is well known from historical seismic monitoring in the eastern U.S. that
the region frequently experiences small mine and quarry blasts which are
detected on seismographs out to large regional distances. So it was not unex-
pected that the RSTN network stations would record numerous commercial
blasts as well as regional earthquake activity; and a review of the recorded
data revealed this to be true. In assembling a database of commercial blasts
and regional earthquakes recorded at RSTN stations, we initially reviewed pub-
lished reports and earthquake catalogs and bulletins appropriate to the regions
surrounding the RSTN stations. Goncz et al. (1987) analyzed regional L, P,
and S, attenuation using recordings at the RSTN stations from earthquakes
located throughout much of eastern North America during 1983 and 1984. The
report provides a fairly extensive catalog of the larger eastern U.S. earth-
quakes during that time interval which were well recorded at the RSTN sta-
tions. To supplement that data set, we reviewed the NEIS catalogs, as well as
regional catalogs published by St. Louis University, the Tennessee Earthquake
Information Center (now Center for Earthquake Research information), the Vir-
ginia Polytechnic Institute and State University and Boston College. Because
of the extensive local seismic networks, the coverage is thought to be neary
complete for much of the eastern U.S. down to fairly fow magnitudes (= 2 M,).
However, for most of these bulletins an attempt has been made to exclude
known or suspected quarry and mine blasts from the reported events. As a
result only a few such explosions have been identified in the regional bulletins.
Gupta et al. , (1984) identified six quarry blasts recorded at RSTN stations (5
at RSCP and 1 at RSNY) from a list of 20 such events provided by local
university or state network operators. Smith (1987) looked for evidence of rip-
ple firing in several northern Minnesota quarry blasts, but his primary data
source was a temporary station near RSON although signals from some of
these blasts were also recorded at RSON and RSSD. Personal communica-
tions with several operators of local seismic networks in the eastern U.S. sug-
gested that formal catalogs of quarry and mine blasts detected by the networks
do not exist. Most of the operators indicated that suspect events with strong
short-period Rayleigh waves or with signals and locations close to those of
known quarries in the region were eliminated from the earthquake catalogs on
an ad hoc basis.




In the current investigation it was decided to focus on regional seismic sig-
nals recorded at station RSCP because it is well known from historical monitor-
ing that the station records frequent mine blasts from the surrounding region
which could be compared to similarly recorded earthquakes. Starting with the
five blasts identified by Gupta et al. (1984), we found two additional presumed
blasts identified in the Southeastern U.S. Seismic Network Bulletins. A few
other presumed quarry blasts identified in the catalogs were not recorded at
RSCP. To supplement the quarry blast database for RSCP, the detections
recorded during a single day (viz June 19, 1985) were analyzed. Of the total
detections on that date, about 40 events appear to have waveforms which look
like real seismic signals (i.e., not typical ground or cultural noise). Sixteen of
those 40 events which had the strongest signals were selected for further
analysis. Only one of the 16 events selected was reported in the regional
earthquake catalogs, and that was an apparent mine collapse in southwestern
Virginia. None of the other 15 events were reported as earthquakes, and we
therefcre assume that they were mine or quarry blasts. The identification of
these events as blasts appears to be corroborated by the observations of
strong, short-period Ry phases in most cases suggesting a shallow focus and
by the repetitive character of the waveforms for several of the events. The
relative times of the P and L, phases were used to estimate the epicentral dis-
tances and three-component analyses were performed on clear P-wave first
motions to determine event azimuths. This location procedure was tested on
the signals from the mine collapse, for which the location was known, and was
found to give a nearly comparable result. So, although the locations deter-
mined by this single station procedure for these events would not be expected
to have the precision of network locations, we believe them to be reasonable.

Table 1 provides the event locations and magnitudes (estimated from the
Ly amplitudes) for 22 presumed mine blasts recorded at RSCP including the 15
newly identified events described in the preceding paragraph. The biasts had
magnitudes from 2.2 to 3.5 my(L,) and epicentral distances in the range from
210 km to 369 km. Table 2 provides the locations and magnitudes of the 15
earthquakes and the mine collapse included in the database. The magnitudes
were in the range 2.2 to 4.1 my(Ly); and the epicentral distances were between
147 km and 490 km, except for one more distant earthquake at 942 km. The
locations of all the events in the database relative to RSCP are shown in Fig-
ure 1. The events cover a wide range of azimuths surrounding RSCP; and, as




Table 1

Presumed Mine Blasts Recorded at RSCP

Date  Origin Time Lat.(°N) Lon.(°W) Atkm) m @)’ h(m
01-29-83 16:05:31.7 34.70 88,37 274 2.9 0
02-05-83 13:08:19.5 34,70 88.37 274 3.5 0
02-22-83 13:09:18.2 38.05 82.77 369 3.0 0
06-09-83 21:07:43.7 37.42 83.12 298 2.9 0
06-21-83  21:13:20.4 37.42 83.12 298 3.0 0
06-23-83 21:06:09.3 37.41 83.11 298 3.2 0
06-19-85 00:06:22* 37.0* 87.3* 220 3.1 0
06-19-85 01:37:58* - - 210 3.0 0
06-19-85 14:57:04* 37.3* 82.7* 310 2.5 0
06-19-85 15:59:58* 37.0* 87.3* 220 3.0 0
06-19-85 17:14:21* 33,2* 86.7* 280 3.3 0
06-19-85 18:20:29* 33.2* 86.7* 280 3.7 0
06-19-85 19:02:21* 37.3¢ 82.7* 310 2.9 0
06-19-85 19:22:26* - - 220 2.8 0
06-19-85  20:25:32* 33.2¢* 86.7* 280 3.2 0
06-19-85 20:55:34* 37.3* 82.7* 310 2.9 0
06-19-85 21:26:47* - - 210 3.1 0
06-19-85 22:10:26% 37.0* 87.3* 220 2.2 0
06-19-85 23:01:07* 37.0* 87.3* 220 2.4 0
06-19-85 23:11:22* 33,2* 86,7* 280 2.9 0
06-19-85 23:35:18* - - 200 2.6 0
11-07-85 08:17:13,0 33.77 84,07 245 2.3 1.1

* Approximate origin times and locations estimated from relative

times of P and L
pP~wave first motion.

t+ Magnitudes estimated from L

the magnitude formula for
0.9 log A(km) + log A (um),

phases and three-component analysis of clear

amplitudes observed at RSCP using
e Central U.S. - mp(Lg) = 1.91 +




Table 2

Regional Earthquakes and Mine Collapse Recorded at RSCP
Earthquakes
Cate Origin Time Lat.(°N} Lon.{°W) A(km) mb(Lg) h (km)
01-26-83 14:07:44.7 32,85 83,56 356 3.5 0
01-27-83 22:09:35.1 36.06 83.63 182 2.6* 12.8
03-25~83 02:47:11.1 35.33 82.46 283 3.2¢% 11.5
08-28-83 22:45:07.4 36.68 83.82 198 3.1* 1g.1
02-14-84 22:56:20.4 37.21 89.00 356 3.6 2.0
04-17-84 04:44:44.9 38.41 88.48 405 3.2 14.3
04-23-84 01:36:00.1 39.92 76 .36 942 4,.1% 5.0
06-26-84 15:15:19.9 36,10 89.39 349 3.2 l1.8
06-29-84 07:58:29.3 37,70 88.47 348 3.8 1.6
06-10-85 12:22:38,.3 37.25 80.49 4°1 2.9* 11.1
08-15-85 17:31:52.9 35,67 83.95 147 2.6+ 13.8
12-22-85 00:56:05,0 35,70 83.72 170 3.6* 13.4
04-27-86 22:30:26,.4 35.92 83.73 170 2.2* ) 19,7
06-24-86 19:22:42.,0 35.99 83.93 154 3.3* 24.3
Mine Collapse
Date Origin Time  Lat, (°N) Lon. (°W) A (km) mb(Lg) h (km)
06-19-85 22:28:08.9 37.22 82,04 360 3.5 0

* Magnitudes reported by Goncz et al., 1987,

+ Magnitudes estimated from Lg amplitudes observed at RSCP using
e

the magnitude formula for t

0.9 log A(km) + log A (um).

Central U.S. - mp(Lg) = 1.91 +
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a result, there are some variations in propagation path. In general, events to
the north and east were located in the Appalachian mountain chain while those
to the west and south were located in stable continental platform areas as is
the station.

Figure 2 shows typical vertical-component recordings of the seismic sig-
nals at RSCP from several source types at different ranges and azimuths. In
all cases the records include clear P and Ly phases. These phases are typi-
cally quite complex in character apparently because of structure in the crust
and upper mantle which controls propagation of these phases. The top three
records illustrate the strong short-period dispersed Rayleigh-wave (Ry) signals
which are usually recorded from the mine and quarry blasts in the region. The
observed Ry phase frequently has a predominant frequency near 1 Hz. Similar
Ry signals have been reported for mine and quarry blasts throughout eastern
North America (e.g., McEvilly, 1964; Herrmann, 1969; Kafka, 1988) and are
believed to be associated with seismic excitation of shallow sedimentary layers
in the crust by the near surface blast sources (cf. McEvilly, 1964; Kafka, 1987).
The bottom four records in Figure 2 show the signals at RSCP from two addi-
tional mine blasts, an earthquake, and a mine collapse. In these records the
Ry signals from the blasts are not nearly as obvious as for the top three exam-
ples. If the Ry signals are present, they are apparently buried in the coda of
the Ly phase. There is little evidence of Ry in the earthquake, but the mine
collapse produced a strong Rg.

First, considering the P and L, phases, we compared the maximum P and
L, signal amplitudes for evidence of any source-dependent differences. The
maximum amplitudes before and after the S, arrival time (excluding the Ry sig-
nal), were measured from the broadband records for this purpose. In all cases
the post-S, maximum corresponded to Ly while the pre-S, maximum some-
times corresponded to Py but also was frequently the initial P(P,) particularly
for more distant events. For ali 37 events in the RSCP database, the max-
imum P amplitude was smaller than the maximum S (viz Lg) amplitude; this
was true for the presumed blasts as well as the earthquakes and mine col-
lapse. Figure 3 shows the amplitude ratio (Ly maximum/ P maximum) for all
the events. The data overlap in magnitude (top) and epicentral distance range
(bottom); and there appears to be little evidence of dependence of the ampli-
tude ratio on either magnitude or distance. The results indicate that on
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average the earthquakes tend to have larger S(max)/ P(max) ratios than the
explosions in the sample, but there is considerable intermingling. So. simple
peak-amplitude comparisons of the broadband P and L, signals would not
appear to provide reliable discrimination of the blast and earthquake sources.

In Figure 2 above we also found that the relative excitation of the Ry sig-
nal may not always provide a clear distinction between blasts and earthquakes.
In an cffort to enhance such differences, we band-pass filtered the records
from several blasts, earthquakes and the mine collapse. These results are
shown in Figure 4 where two alternate band-pass filters were applied to the
vertical-component signals. The filter passbands were 0.5 to 1.5 Hz and 2.0 to
4.0 Hz; the unfiltered traces are also shown with each set for reference. For
the first three blasts (cf. Figure 4, top), the 0.5 to 1.5 Hz filter sharply enhances
the Ry signal relative to the P and Ly phases, which are concentrated in the
higher frequency band. The 0.5 to 1.5 Hz filter in Figure 4, bottom, also
enhances the Ry phase for the nearer blast and for the collapse, but the Rg
phase does not stand-out in the filtered trace for the more distant blast. To
some extent this is caused by relatively high ground noise in the filter
passband for the latter event, but low excitation of the Ry phase may also be
associated with some unusual blasting practice or depth for this event. We
have no specific information on any of the blasts which have been analyzed,
but normal shooting practice involves spatially-distributed and time-delayed
charges which should enhance or nullify specific frequencies of the ground
motion (cf. Willis, 1963; Frantti, 1963; Baumgardt and Ziegler, 1988). Finally,
application of the filters to the earthquake record produces little evidence of
any Ry signal. A slight trace of Ry appears in the second earthquake which
was the shallowest of the three events with a focal depth of 2 km. In all cases
the low-frequency Ry signal in the earthquakes is smaller relative to the
higher-frequency P and L signals than in the explosions.

Spectral analyses were performed on the P and Ly signals from selected
eastern U.S. earthquakes and quarry blasts to identify characteristics which
could be distinctive. From the available data sample in Tables 1 and 2 above,
we selected eight events which had relatively large signal-to-noise levels. An
effort was made to pick events which correspond to different source types at
somewhat comparable epicentral distance ranges. Figure 5 shows the
vertical-component records for four events with ranges between about 170 km

14
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and 220 km from RSCP. The top two events are from the regional earthquake
list (Table 2, above) and the bottom two are from the presumed regional blast
list (Table 1, above). The events have roughly comparable magnitudes in the
range 3.0 to 3.5 my(Ly) with the earthquakes in the upper part and the blasts in
the lower part of that range. We computed the spectra for windows surround-
ing the rather clear Py and L, signals whose starts are indicated by the arrows
in Figure 5. The P, windows were taken to be 256 points (6.4 seconds) in
length and the Ly windows were taken to be 512 points (12.8 seconds). Noise
windows including 128 points (3.2 seconds) were also analyzed at the start of
each record. The spectra were all corrected for the RSCP instrument
response.

Figures 6 and 7 show the corrected Ly and P, spectra for the four events;
the corresponding pre-P noise spectra are superimposed on the plots. In gen-
eral, the ground noise is well below the signals for frequencies above about 1
Hz. Unfortunately, however, the dynamic range of the recording system at
RSCP is low; so the signal spectra are not good above about 10 Hz even
though the Nyquist frequency is at 20 Hz. This dynamic range problem is
somewhat apparent in the lower left Ly spectrum of Figure 6 which starts to
fiatten at 7 Hz well above the ground noise level. In any case, the useful fre-
quency band for spectral analysis at RSCP is extremely limited. Out to 10 Hz
we see little evidence in the blast signals of spectral scalloping which has been
found for time-delayed shots in some areas (cf. Smith and Grose, 1987,
Baumgardt and Ziegler, 1988); it seems likely that the limited frequency band
may impede such observations at RSCP. The spectra do appear to show
other differences between earthquakes and explosions. The Ly spectra in Fig-
ure 6 have apparent corner frequencies near 3 Hz. Above the corner the
spectra for the blast signals appear to fall-off much more rapidly than the earth-
quake signals. For the Py signals the corner frequencies are somewhat more
difficult to identify, but again the spectral fall-off above 3 Hz is greater for the
blasts than for the earthquakes. The observed behavior in the L spectra are
analogous to the behavior seen by Murphy and Bennett (1982) and Bennett
and Murphy (1986) in L, signals from NTS explosions and nearby eanthquakes
although the mechanism responsible for this observation could be considerably
different.
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Figure 8 shows the vertical-component time histories for four additional
events with ranges between about 270 km and 300 km from RSCP; the magni-
tudes are between 3.2 and 3.7 m,(Ly). The top event is from the earthquake
list, and the bottom three events are from the blast list. Ly, P4 and noise spec-
tra were computed for window lengths of 12.8 seconds, 6.4 seconds and 3.2
seconds, respectively; and the resulits, after correcting for instrument response,
are plotted in Figures 9 and 10. The L, spectra again show an apparent
corner frequency near 3 Hz. Above this corner the Ly spectra for the bottom
two events plotted in Figure 9 are observed to fall-off with frequency much
more rapidly than for the top two events. A similar behavior is observed for the
Py spectra in Figure 10 although the corner frequencies are not so easily
identitied. A confusing aspect of these figures is that the top right spectrum in
each of these figures corresponds to an event (Date 02/05/83) which had origi-
nally been identified as a blast in our tables, but the spectral behavior seems
to be more comparable to the earthquake signal than to the blast signals.
Reinvestigation of this event reveals that its identification as a blast in Table 1
was based on its assignment to a "blast" database by the Southeastern U.S.
Seismic Network Bulletin. However, further investigation has revealed that, in
addition to presumed mine blasts, this database included other unknown
events from outside the geographical domain for which the Southeastern Net-
work claims coverage. In fact, this event is identified in the St. Louis University
Central Mississippi Valley Earthquake Bulletin as an earthquake with a felt
report from Mississippi; and field studies by the Tennessee Earthquake !Infor-
mation Center (TEIC Quarterly Seismological Bulletin, January-March, 1983)
confirm the earthquake identification. Concluding that this event was an earth-
quake, the Ly and Py spectra in Figures 9 and 10 are again consistent with the
previous observation that the earthquake spectra are relatively richer in higher
frequencies than the corresponding blast spectra.

The spectral differences in regional phase signals between earthquakes
and blasts is interesting but needs additional corroboration. It should be noted
that the observations presented here correspond to a small number of events
and that the propagation paths between comparable events do not coincide.
As a result, path differences like attenuation or structural boundaries, which
could affect the regional phase spectra, have not been taken into account.
Other factors like changes in shooting practice between quarries or mines
could also affect the Py and Ly spectra. Considering the large number of
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quarry blasts recorded on an almost daily basis by RSCP (and some of the
other RSTN stations), the regional signals recorded by these stations appear to
provide a good data source for investigating the distinctive characteristics of
regional phases from quarry blasts in continental platform environments com-
parable to the Soviet Union.

2.3 Analysis of ECTN Data

The Eastern Canadian Telemetered Network (ECTN) is a relatively-
broadband, high-frequency dense network of high-quality stations located in a
high-Q region. The network routinely records earthquakes and quarry blasts in
the region up to a Nyquist frequency of 30 Hz. Typical events in the magni-
tude range of 2 to 3 may be recorded at several stations at distances less than
300 km. Therefore, this network provides a good research database to
develop and test regional seismic monitoring procedures.

We have converted data for 36 events from ECTN data files to CSS for-
mat. The data were kindly provided by the University of Toronto. The 36
recovered events have magnitudes ranging from 0.1 to 5.1 and include 6 or 7
quarry blasts. There are on average about 10 stations recording each event.

Table 3 lists origin data provided by the University of Toronto. Events 20,
23, 34, 35, 36, and 37 were identified as probable quarry blasts. We suspect
that event 7 may also be a blast based on the assigned depth of 1 km. Only 8
of the 37 origins have unconstrained depths. The rest of the depths have been
assigned by a "Geophysicist". The magnitudes are a mix of "MB", "ML", and
"MN". "MB" is the teleseismic m, magnitude, "MN" is an Ly magnitude, while
"ML" is a local Richter magnitude. Eleven of the events have been studied by
Chun et al. (1987) with the two station Ly method and Chun et al. (1989) give
additional Ly magnitude calibration information for 12 of the events.

The ECTN instruments are relatively broadband instruments recording at
60 samples per second, except GAC which is recording at 30 samples per
second. Instrument responses are shown in Figure 11 for the ECTN Mark-|,
Mark-Il stations (vertical only) and the GAC instaliation (three components).
The station locations are provided in Table 4.
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Table 3
Origins for Avallable ECTN Data

DATE OT. N-LAT. E-LONG. H(KM) MAG #
Oct 04 1983 17:18:40. | 43.45 -79.8 2G  3.1MN 1
Oct 07 1983 10:1846. | 43.94 -74.26 13G 5.1MB 2
Oct 07 1983 10:39:39. | 43.95 -74.26 8G 35MB 3
Oct 11 1983 04:10:55. | 45.20 -75.75 14G  4.1MB 4
Oct 16 1983 03:00:47. | 45.62 -75.05 12. 3.1MB 5
Oct 16 1983 03:00:47. | 45.62 -75.05 12. 3.1MB 6
Oct 24 1983 01:00:06. | 48.14 -77.97 1G  3.1MB 7
Oct 03 1983 12:14:15. | 44.14 -74.34 18G 2.8MB 8
Nov 0t 1983 10:16:52. | 45.67 -73.90 18G  3.4MB 9
Nov 16 1983 12:13:66. | 47.00 -66.60 5G 3.2MB 1
Nov 17 1983 15:32:18. | 47.00 -66.60 5G 37MB 11
Nov 18 1983 10:28:40. | 47.0C -66.60 5G 30MB 12
Nov 27 1983 (09:49:24. | 46.80 -78.77 18G 28MB 13
Dec 04 1983 10:48:25. | 45.19 -69.10 18G 3.1MB 14
Dec 08 1983 12:23:05. | 45.11 -67.19 7. 30MB 15
Dec 09 1983 05:45:14. | 44.48 -56.59 18G 36ML 16
Dec 09 1983 05:45:14. | 44.48 -56.59 18G  36ML 17
Dec 01t 1983 02:58:58. | 44.53 -73.41 18G 27MN 18
Dec 01 1983 07:4355. | 45.70 -74.77 11. 28MN 19
Dec 11 1983 05:53:42. | 45.12 -72.11 1G 24MN 20t
Dec 11 1983 01:52:03. | 46.70 -76.27 18G  3.1MN 21
Dec 19 1983 20:00:36. | 45.24 -66.77 5G 21MN 22
Dec 21 1983 15:04:44. | 45.21 -73.96 10G 3.0MN 23}
Dec 28 1983 12:24:22. | 47.07 -76.28 18G 3.5MN 24
Jan 15 1984 00:49:55. | 46.54 -72.10 18G 25MN 25
Jan 15 1984 00:49:55. | 46.54 -72.10 18G  25MN 26
Jan 02 1984 01:52:44. | 4753 -70.03 5 0AML 27
Feb 02 1984 11:15:34. | 44.66 -56.38 18G  42ML 28
Feb 11 1984 04:27.46. | 46.49 -70.03 8. 1O0ML 29
Feb 11 1984 04:27:46. | 46.49 -70.03 8. 10ML 30
Feb 13 1984 08:23:12. | 46.91 -71.42 20G 22ML 3t
Feb 13 1984 10:23:10. | 46.88 -71.35 18G 2.1MN 32
Feb 15 1984 (07:34:29. | 4750 -70.05 12. 07ML 33
Jul 07 1984 10:20:01. | 46.88 -83.17 1G  29MN 34%
Jul 21 1984 09:28:00. | 49.79 -82.31 1G 28MN 35t
Jul 21 1984 09:36:00. | 47.94 -80.67 1G 28MN 36t
Sep 25 1984 04:00:00. | 46.01 -71.37 1G 3.1MN 37%

1 Probable Blasts
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ECTN INSTRUMENT RESPONSES
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Figure 11. Instrument responses for the MARK-I, MARK-I1I
and GAC systems at ECTN.
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Table 4
ECTN Station Locatlons

STA N-LAT E-LONG ELEV(M) LOCATION

CKO 459940 -77.4500 190 CHALK RIVER ONTARIO
EBN 47.4620 -68.2420 195 EDMONSTON N. B.
EEO 46.6411 -79.0733 398 ELDEE ONTARIO
GAC 45.7030 -75.4779 62 GLEN ALMOND QUEBEC
GGN 451170 -66.8220 30 ST. GEORGE N. B.
GNT 46.3628 -72.3722 10 GENTILLY QUEBEC
GRQ 46.6067 -75.8600 290 GRAND-REMOUS QUEBEC
GSQ 489142 -67.1106 398 GROSSES-ROCHES QUEBEC
HTQ 49.1917 -68.3939 123 HAUTERIVE QUEBEC
JAQ 53.8022 -75.7211 366 LA GRANDE-3 QUEBEC
JBQ 53.6103 -75.6053 381 LA GRANDE-3 QUEBEC
KAQ 53.9833 -73.5230 472 LA GRANDE-4 QUEBEC
KLN 46.8433 -66.3717 411 MCKENDRICK LAKE N. B.
LMN 458520 -64.8060 363 CALEDONIA MTN N. B.
LPQ 47.3408 -70.0093 126 LA POCATIERE QUEBEC
MNQ 505333 -68.7744 610 MANICOUAGAN S. QUEBEC
MNT 455025 -73.6230 112 MONTREAL S. QUEBEC
oTT 453939 -75.7158 83 OTTAWA S. ONTARIO
SBQ 453783 -71.9263 265 SHERBROOKE QUEBEC
SUO 46.4027 -81.0068 252 SCIENCE N. SUDBURY ONTARIO
TRQ 46.2222 -74.5556 858 MONT-TREMBLANT QUEBEC
vDQ 48.2300 -77.9717 305 VAL-D OR QUEBEC
WBO  45.0003 -75.2750 85 WILLIAMSBURG ONTARIO
WEO  44.0186 -78.3744 149 WwcLOUME ONTARIO
SCp 40.7950 -77.8650 352 STATE COLLEGE PA. (DWWNSSN)
RSNY 445483 -74.5300 357 ADIRONDACK N.Y. (RSTN)
RSON 50.8589 -93.7022 357 RED LAKE ONTARIO (RSTN)
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A map is shown in Figure 12 with station and event locations. Stations
are indicated with triangles and the three stations SCP, RSNY, and RSON are
plotted for reference. Events are plotted as crosses and the probable quarry
biasts are indicated with a circle around the cross.

Among the various issues that we wished to address with this data, was
the reliable estimation and interpretation of cepstra to be used in discrimination
between earthquakes and quarry blasts. Several researchers in recent years
have reported the detection of ripple-firing in recordings of quarry blasts (c.f.
Baumgardt and Ziegler, 1988; and Smith 1988b). In addition, Alexander and
Borkowski (1988) report the use of cepstral methods to estimate pP-P and sP-
P times from regional seismograms. With the exception of Alexander and Bor-
kowski, most cepstral analysis has been performed on a single station or a
small array of stations. With its density of coverage in a high-Q area, the
ECTN has the capability of giving multiple estimates of cepstra and allowing us
to gauge the robustness of single station estimates. Also of interest is the
bandwidth of the network since cepstral analysis requires the maximum avail-
able bandwidth. The ECTN stations have a Nyquist frequency 50 percent
higher than the RSTN, DWWSSN, or NORESS array stations. Although the
NORESS high-frequency station has a greater sampling rate than the ECTN, it
is only one station.

First, we review cepstral analysis and some of the statistics of the estima-
tion procedure. We make several observation about the process of cepstral
estimation,

e Cepstral analysis is not an objective model independent analysis.

e There are no published criteria for judging the statistical significance of a
cepstral peak.

e Bandwidth is critical to cepstral analysis and most data available does
not have enough bandwidth to resolve the smallest time delays associated
with ripple firing.

Given these considerations, we derive some statistical criteria for the
evaluation of the significance of cepstral peaks and show that there is a max-
imum likelihood estimator for the combination of network data. The network
stacking method of Alexander and Borkowski is related to this maximum
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likelihood network estimator. Given that cepstral estimation is a model depen-
dent procedure, we propose a procedure that balances bandwidth resolution
against model dependence by use of a well-defined smoothing operator.
Finally, the results for several probable quarry blasts and earthquakes are
shown and discussed.

2.3.1 A Review of Cepstral Theory

The cepstrum is defined as the Fourier transform of the log of the power
spectrum of the signal (Oppenheim and Schafer, 1975). If s(t) is the time
domain signal and P(f) is its power spectrum then the cepstrum, C(t), is the
spectrum of In(P(f)). If we write the Fourier transform operator as F[.,f] and the
time domain taper as 6(t) then we have that

P(f) = [Fle(t)s(t) , 112 = [©(f) x S(f)|?

C(v) = Flin(P(f)) , 7] = F[I1(f) , 1]

where x is the convolution operation. The intent of cepstral estimation is to
analyze the modulation of the power spectrum. With the use of some algebra,
simple identities related to Fourier spectra, and a Taylor series expansion for
In(), it can be be shown (see Flinn et al. , 1973) that if the signal contains an
echo of relative amplitude b with time delay 1, described by

s(t) = a(t) + b a(t + 7o),

then the cepstrum is

C(t) = F[In(P(f)), ©)] + FlIn(1 + b + 2bcos(2nfty)), 1]
= F[I1(f), 1} + 2bF[cos(2nfty), 1]
= m(t) + 2b8(| T - 19]).

Therefore C(t) will have a peak located at t = 15 and T = -15. The size
and resolution of the peak will be determined by the relative amplitude of the

30




echo, b, and the shape of the log-power spectrum =(t) = F( II(f), 1). This
interfering term is the Fourier component of the shape of the log-power spec-
trum without the echo. Since we are usually interested in small time delays, we
are concerned with the shape of the spectrum over large bandwidths. Since
no realistic seismic signal has a flat spectrum, it is necessary to remove any
trends and general shape of the log-power spectrum prior to estimating the
cepstrum. Some model for Il(f) is assumed (or fit) in order to remove the
interfering effects of the broadband shape of the log-power spectrum. This is
analogous to a trend removal and taper in the time domain prior to estimating
the power spectrum. As the analogy suggests, this pre-whitening of the log-
power spectrum introduces artifacts into the cepstrum just as tapering affects
the estimation of the power spectrum. For example, smoothing of the log-
power spectrum will introduce a multiplicative response into the cepstrum. We
can not escape the fact that the processing at this step is nonlinear and mode!
dependent.

To be precise, we may either add (or subtract) a correcting function, {(f),
to the log-power spectrum, multiply (or divide) the log-power spectra by a
correcting function, x(f), or convolve a smoothing operator, y(f), with the log-
power spectra. The result of adding a correction is,

C(r) = F[({(f) + In(P(f)) + 2bcos(2ni1y)),1]
= Z(t) + n(t) + 2bd(| T - 15}).
The result of applying a multiplicative correction is,
C(1) = F[x(f)(In(P(f)) + 2bcos(2nity)),]
= K(t) x [r(t) + 2bd(|t ~ 10!)].
And the result of convolving a smoothing operator is,
C’'(x) = F[y(f) x (In(P(f)) + 2bcos(2ntty)),T]

= T(®){n(t) + 2b8([1 - 1o )]
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In practice, all three things are done to the power spectrum in order to
prepare it for cepstral estimation and we have,

C(r) = I'(r)K(t) x [Z(t) + ={t) + 2b&(| 1 — To])].

Generally, the log-power spectrum is pre-whitened by the removal of a
trend which is equivalent to assuming the power spectrum is proportional to
frequency raised to some power, {3, where -a is the slope of the log-power
spectrum. Since most seismic spectra have this form at high frequencies, this
may be a good model. However, since most seismic log-spectra are also con-
cave downward (due to corner frequency and attenuation), the effect of a sim-
ple slope corraction is to introduce a cepstral signal with broad bandwidth and
significant cepstral power at low quefrency. If a signal with 20 Hz Nyquist and
10 Hz corner frequency is subjected to a detrending, a 10 Hz modulation will
remain in the log-power spectrum and show up as a 0.1 sec quefrency peak in
the cepstrum. This will be true even if the bandwidth from 0 to 20 Hz has
infinite signal-to-noise ratio.

The effects of limited bandwidth are even more subtle. If signal-to-noise
ratio is such that the bandwidth is limited to a simple window in the frequency
domain, such as f, to f,, then the cepstrum will contain the Fourier transform of
the spectral bandwidth (boxcar from f; to f,) and a false peak may occur at
1/|t, — f;|. For example, suppose the 20 Hz Nyquist signal is limited to 2 to
15 Hz, then we can only expect to resolve quefrencies longer than 1/13
seconds. A number of researchers have attributed quefrency peaks shorter
than 0.2 seconds to multiple sources with data limited to a 20 Hz Nyquist and
bandwidths significantly less than 0 to 20 Hz.

An additional misconception may arise due to padding in the frequency
domain. The power spectrum is defined from -fy to fy and the cepstrum is
computed using a total bandwidth of 2fy that implies an apparent resolution of
ot = 1/2fy. In fact this is misleading, since the power spectrum contains the
symmetry, P(f) = P(-f), and the doubling of the power spectrum is only
equivalent to a sinc interpolation. The best possible resolution is limited to &t =
1/fy. As the previous discussion makes clear, practical resolution is limited to
the reciprocal of a spectral window for which we have adequate signal-to-noise
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ratio, ot = 1/|f;—f;|. Furthermore, it is well known that Fourier estimation of
low frequencies is a very difficult problem unless the window includes two or
more cycles. These low frequencies (quefrencies in this case) are very sensi-
tive to the de-trending algorithm and leakage from other quefrencies. Conse-
quently, it is unwise to take much stock in detections of quefrencies less than
3/y. For a 20 Hz Nyquist signal this is 0.15 second quefrency or 0.1 second
for a 30 Hz Nyquist.

Since pre-whitening is necessary, the procedure is model dependent and
the model assumptions must be examined as part of the procedure. It is pos-
sible to view the detection of multiple shots as a fitting procedure to the spec-
tra. This is in effect proposed by Smith (1988b) who claims that bandwidths of
at least 35 Hz will be required in order to make reliable detections of ripple
firing with group delays of 100 to 200 milliseconds. From the point of view of
cepstral analysis, this amounts to the t > 3/fy criteria stated above.

Finally, we can examine the detection of cepstral peaks using extensions
of statistical methods traditionally applied to the detection of spectral peaks in
power spectra. Assuming that the pre-whitening model has been applied
correctly then we have II(f) = In(P(f)) + W(f) where W(f) = In(w(f)) is the deter-
ministic pre-whitening correction. We note that P(f)w(f) is distributed x? with
two degrees of freedom assuming that w(f) correctly pre-whitens the spectrum
(Shumway, 1988). Therefore II(f) = In(P(f)w(f)) is zero-mean normal with unit
variance except for any modulation due to the interference of multiple sources.
Then |C(t)|? is the power spectrum of a Guassian white-noise process plus
the spectrum of the modulation. We can establish a 95 percent detection cri-
teria for peaks of C(t) assuming that |C()|? is distributed 2 with 2 degrees of
freedom in the absence of modulation due to multiple sources. Any peak
greater than the 95 percent significance level is considered to be true modula-
tion of the log-power spectrum.

Now in order to pre-whiten the log-power spectra, we choose to subtract a
correction spectra derived from the convolution of a smoothing operator (low-
pass filter) with the log-power spectrum. In this way we try to minimize the
model errors associated with the pre-whitening of the log-power spectrum. We
give up resolution of the smallest quefrencies to attain a better (unbiased) esti-
mate of the cepstra for t > 1. We choose 1, to be in the neighborhood of 3/fy.
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Figure 13 shows a flow chart that describes the process. The smoothing
operator (low-pass filter), y(f) is applied so that the cepstral estimator is given
by,

C(t) = Fl2in(F{s(he).f1 x (1 -+,
=F2an(|S(f) x &) x (1 -],

= F[2In(|S(f) x ©(f)|),7}(1 - [(1)).

I'(t) decays to zero for T > 1. such that the cepstra above 1, are undis-
turbed.

We have discarded the lowest quefrencies as unreliable. These quefren-
cies are expected to be diagnostic of the ripple firing usually associated with
delays measured in the 0.1 to 0.01 second range. However, if we reexamine
the tapered signal as a sum of N subsignals of size b, with time delays T, then

s(t) = 8(t) T t,Nba(t + 7
k=1
P(f) = 16() x A1 + 23 t,Nbcos(2rfr) + 3 toNbbcos(@nt(z, - 7))
k=1 k.j=1
I(f) = In(P(f)) = 2In(| () x A(f)])
+ 2Zt°kaCOS(21Cf‘Ck)
k=1

+ ¥, toNbybcos(2nf(ty, — 1)) + ...
k=1

C(z) = Fl2n(|©(f) x A(f)]).7](1 - I'(z))

+2(1 - I'(7)) X t,Nb,d(t - 1)
k=1
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+(1-T() X tNbbd(|T = (t = ) ) + ...
k,j=1

Depending upon the shot array (t4,..,Ty) the last term may make
significant contributions for delays approaching the duration of the shot array.
Since the shot arrays are often designed to "stretch-out" the shot duration
(Dowding, 1985) in order to minimize high-frequency near-field accelerations,
the contribution to the cepstrum of all of the delay differences can not be
ignored. A synthetic example is shown in Figure 14 (left). The synthetic shot
array consists of 100 shots, 10 rows of 10 shots each. Rows and columns are
detonated at 50 msec intervals and a 5 msec standard deviation is assumed
for each blasting cap (Dowding page 242). The cepstra are "perfect” in that
they do not include any blurring effects due to limited bandwidth, tapering,
spectral smoothing, or incoherence between shots that may occur if the indivi-
dual explosion sources are not identical. Note that significant cepstral peaks
occur at multiples of the 50 msec delay between shots. However, a shot pat-
tern may be chosen that shows no isolated peaks. A synthetic 10x10 shot
array with 30 and 50 msec delay times is shown in Figure 14 (right). Note the
absence of isolated cepstral peaks. Isolated cepstral peaks by themselves
may not be sufficient to identify ripple firing.

In order to verify that peaks in the cepstra are significant most researchers
have either examined cepstra from different stations or different phases at the
same station. Baumgardt and Ziegler (1988) using NORESS data examined
the cepstra of different phases. Alexander and Borkowski (1988) used several
regional stations and stacked the cepstra from independent stations within the
network. Alexander and Borkowski used both a linear (mean) and a non-linear
(product) stacking procedure for the cepstra. Given that the cepstra are distri-
buted %2, which is approximately log-normal, the geometrical mean of the net-
work is an appropriate averaging procedure. The geometrical mean would
constitute a maximum likelihood estimate under these assumptions. Alexander
and Borkowski used the product of the cepstra without taking the n'th root as
would be required for a geometrical mean. As presented, the cepstrai peaks in
the work of Alexander and Borkowski are probably misleading with their
apparent large signal-to-noise figure. In the following analysis, we compare
stacking of the cepstra versus stacking of the power spectra. We find that
stacking of the detrended power spectra from the network appears to give a
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better estimate of the cepstra.

2.3.2 Cepstral Analysis of ECTN Data

Four events were chosen for preliminary analysis, two probable quarry
blasts and two earthquakes. The four events had numerous good recordings
at a range of distances and azimuths. Preliminary spectra indicated that the P
and P, signals had good signal-to-noise ratios above 20 Hz. The L, and/or S,
had less predictable high frequency signal-to-noise ratios, so it was decided to
concentrate on the P and P, waveforms.

The average P-wave spectra for the four events are shown in Figure 15A,
B, C, and D. The spectra from each station were adjusted to give the same
average spectral level in the 4 to 7 Hz bandwidth and log-averaged. The stan-
dard deviation of the individual spectra are shown. Note that each network
average spectrum appears to have somewhat regular spectral nulls. The
earthquakes have corner frequencies in the 5 to 10 Hz range. While, the
12/21/83 quarry blast could be characterized with a corner frequency in the 5
to 10 Hz band, the 09/25/84 event has a broad minimum at 2 Hz and a broad
maximum between 5 and 6 Hz. The detrended network average P-spectra are
shown in Figures 16A, B, C, and D. They show the modulations apparent in
the original network averaged spectra.

We have formed network estimates of the cepstra in two ways. Wae illus-
trate these two slightly different procedures with the 12/21/83 event. In the first
way, analogous to the procedure of Alexander and Borkowski, we compute the
cepstra for each station and then take a geometrical mean of the cepstra. Fig-
ure 17 shows the individual cepstra at the bottom and the geometrical mean
above. For comparison, the "scaled" product of the cepstra (dashed line) is
compared to the geometrical mean. As pointed out above, the product
appears to have significant peaks but is deceptive in that it over emphasizes
the three largest local maxima. Note the scatter in the individual station ceps-
tra shown below. The 95 percent confidence level is established from the 95
percentile of a cepstrum computed from a Guassian white-noise log-power
spectrum with the same rms level as the individual detrended log-power spec-
tra.
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