ISR K GO DO RO PR IO VL W LY

O FILE COPY

|

AD-A187 363

AFGL-TR-87-0045

Spectral Evidence for Source Multiplicity in Explosions

Douglas R. Baumga}dt
Kathleen A, Ziegler

ENSCO, Inc.

5400 Port Royal Road
Springfield, Virginia 22151 - 2388
Scientific Report No. 2

Approved for public release; distribution unlimited

DTIC

ELECTEBR
AIR FORCE GEOPHYSICS LABORATORY . NOV 2 31987 M |
AIR FORCE SYSTEMS COMMAND .
UNITED STATES AIR FORCE H
HANSCOM AIR FORCE BASE, MASSACHUSETTS 01731

LS I N
TN I AT



[V Sy 9,0 0 Lod ot o0 St SR L gl A Nat Sol tol " pl Sal Safo el tate tia g e,

The views and conclusions contained in this document are those of the authors and should not

be interpreted as representing the official policies, either expressed or implied, of the Defense
Advanced Research Projects Agency or the U.S. Government,

Semiannual Report: SAS-TR-87-01
ARPA order Number 5308
Project Title: Yield Estimation with P-Coda and Lg Measurements
Contract: F19628-85-C-0057

"This technical report has been reviewed and is approved for

publication"
")

' N i 1’7 {( \_./.,,/\7
JAMES F. LEWKOWICZ HENRY A. OSSING ~
Contract Manager Branch Chief
L//

FOR THE COMMANDER

DONALD H. ECKHARDT
Division Director

This report has been reviewed by the ESD Public Affairs Office
(PA) and is releasable to the National Technical Information
Service (NTIS).

Qualified requestors may obtain additional copies from the Defense
Technical Information Center. All others should apply to the
National Technical Information Service.

-

! If your address has changed, or if you wish to be removed from the
mailing list, or if the addressee is no longer employed by your
organization, please notify AFGL/DAA, Hanscom AFB, MA 01731, This
will assist us in maintaining a current mailing list.

Do not return copies of this report unless contractual obligations
or notices on a specific document requires that it be returned.



R T L N N N 7 o o = =

UNCLASSIFIED g e
SECURITY CLASSIFICATION OF TriS PAGE /, LT iy
—— s — ST
REPORT DOCUMENTATION PAGE
la REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
UNCLASSIFIED
Ia SECURITY CLASSIFICATION AUTHQRITY 3. OISTRIBUTION/AVAILABILITY OF REPORAT
b DECLASSIPICATION/DOWNGAAGING SCHEDULE Approved for public release; distribution
¢ unlimited.
4. PEAFQRAMING QRGANIZATION REPORT NUMBER(S) 8. MONITORING ORGANIZATION REPOAT NUMBER(S)
SAS-TR-87-01 AFGL-TR-87-0045
" J65a NAME OF PERFOAMING ORGANIZATION b OFFICE SYMBOL | 7a NAME OF MONITORING ORGANIZATION
ENSCO, Inc. e : g
I r Alr Force Geophysics Laboratory (LWH)
Ie.-. ADORESS (Clty, State and ZIP Code) 7. AOORESS (City, State and ZIP Coda)
5400 Port Royal Road Hanscom Air Force Base
Springfield, VA 22151-2388 Massachusetts 01731
8a. NAME OF FUNDING/SPONSORING . Bb. OFFICE SYMBOL |9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBEA
QRGANIZATION Defense Advanced (If epplicsdia)
uResearch Projects Agency [ F19628-85-C-0057 -
8c. ADORESS (City, Stete and ZIP Coda) 10 SOURCE OF FUNDING NOS.
1409 Wilson Boulevard FEOO A PROIECT Taak W

ELEMENT NO. NQ. NO. NO.
Arlington, VA 22209

| 11. TITLE (Inciude Security Classification) 62714E 5A10 . R
Spectral Evidence for Source Multiplicity (dver)
12. PEASONAL AUTHORI(S)

Douglas R. Baumgardt, Kathleen A. Ziegler

13a TYPE OF REPOAT 13b. TIME COVERED 14. OATE OF AEPORT (¥r., Ma., Day/ 15. PAGE COUNT
Scientific #2 EROM To February 1987 43

168. SUPPLEMENTARY NOTATION

17 COSATI CODES 18 SUBJECT TEAMS (Continue on revevss if necessery and idendtfy by block num ber)
CALAH gsaoue Sus. GA. NORESS; mine blasts; earthquakes; ripple fire; spectral
analysis.
19. ABSTRACT.(C i on if y and identify by block number)

»Spectral and cepstral analysis were performed on regional-array NORESS recordings
of mining explosions in Scandinavia and Russia in order to detect the effects of delayed
explosions of'(ripple firingz commonly used in mine-blasting practice. NORESS stack
spectra were coOmputed in windows on Pn, Pg, Sn, and Lg by averaging individual channel
spectra, frequency by frequency, across the array. The stack spectra were then
corrected for instrument response and noise. For comparison, spectra were also
computed for six western Norway earthquakes located near the Blasjo and Titania
Norwegian mines. Also, stack spectra of P coda, Sn, and Lg were computed using NORSAR
seismograms for presumed PNEs located at near regional distances (/A= 10 degrees) in
western Russia. The NORSAR spectra were determined in the same manner as the NORESS
spectra, except that an additional source correction was applied to the spectra. «

20. QISTRIBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

uNCLasSIFIED/UNLIMITED (I same as arr. £ oTic usens (] UNCLASSIFIED
22a. NAME OF RESPONSIBLE INDIVIOUAL 225 TELEPHONE NUMBER 22¢. OFFICE SYMBOL
(Inciude Arve Code)
James F. Lewkowicz (617) 377-3028 LWH
0D FGURM 1473, 83 APR €DITION OF 1 JAN 7313 OBSOLETE. UNCLASSIFIED

SECURITY CLASSIFICATIUN OF THIS PAGE

e L It T RERRTE IS TR DR SVE R6 T BEL T, PR TS TV E S0 0 AV BT N NN T T N W



R Ay

LA e p 3

-.-Af.

Cont of Block 11:

in Explosions

[y -

v { oA €y Cu i Wy Cy Calp ) 0. T » o
50 AIS PO T I G RN O
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SUMMARY

Spectral and cepstral analysis were performed on iegional-array NORESS recordings of
mining explosions in Scandinavia and Russia in order to detect the effects of delayed explo-
sions or "ripple firing" commonly used in mine-blasting practice. NORESS stack spectra were
computed in windows on Pn, Pg, Sn, and Lg by averaging individual channel spectra, fre-

A quency by frequency, across the array. The stack spectra were then corrected for instrument
response and noise. For comparison, Spectra were also computed for six western Norway earth-
quakes located near the Blasjo and Titania Norwegian mines. Also, stack spectra of P coda,
Sn, and Lg were computed using NORSAR seismograms for presumed PNEs located at near-
regional distances (A > 10 deg.) in western Russia. The NORSAR spectra were determined in

the same manner as the NORESS Spectra, except that an additional source correction was
applied to the spectra,

Comparison of western Norway mine-blast spectra and nearby earthquakes shows that the
earthquake Pn spectra are peaked in the 3 to 16 Hz band, with little energy below 6 Hz,
whereas the explosion spectra have flatter spectra from 3 to 16 Hz. This difference in the Pn
Spectra may be caused by the earthquakes occurring at greater depths than the explosions,
differences in the near-source media, or source mechanism effects in the earthquake spectra.
The main difference between earthquake and explosion spectra is that the explosion spectra
exhibit marked scalloping or modulation patterns not observed in the earthquake spectra. The
modulation patterns are identical in spectra of all phases, indicating that they are caused by
multiple-shot sequences or ripple firing. Similar patterns have been observed in spectra of
northern Sweden mine blasts and mine blasts in Russia near Leningrad. Cepstral analysis of the
spectra reveals that the delay times between explosions are on the order 80 to 150 mil-
liseconds. Moreover, the NORSAR spectra of PNEs indicate that these signals are also pro-

duced by multiple explosions, although they have larger delay times of between 0.9 to 1.5
seconds.

the bandwidth of the data used in this study is too narrow to resolve such delays. However,
spectral analysis of data from the new HFSE high-frequency element at the NORESS center n For
should allow resolution of delays of 25 milliseconds and less. RA&I
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INTRODUCTION

Source characterization studies of earthquakes have generally supported the view that
earthquakes are not simple single point sources but rather are composites of many small rup-
tures caused by source heterogeneities called barriers and asperities (Papageorgiou and Aki,
1985a,b). Recent studies of large earthquakes have modelled them in terms of multiple rup-
tures, each one delayed by some amount of time after the initial rupture(eg, Barker and Langs-
ton, 1981, and other references therein). Small microearthquakes have less dramatic source
multiplicity and directivity effects although small short-delay multiple ruptures could greatly
affect the high-frequency characteristics of small-earthquakes seismograms.

Explosion sources, on the other hand, are generally thought of as being ideal point explo-
sive sources, although many large nuclear explosions have an accompanying non-isotropic tec-
tonic component. However, economic explosions, such as quarry and mine blasts, are known
to be composed of several delayed blasts, sometimes referred to as "ripple liring”. Depending
on the time delays between explosions and the bandwidth of the recording seismic instruments,
ripple-firing effects should be recognizable in seismic spectra and may serve as simulations of
multiple ruptures in earthquakes.

If two or more explosions are fired at nearly the same location but with small time
delays, the seismically recorded waveforms for each of the explosions should be very similar
although their amplitudes may vary if the sizes of the delayed explosions are different. The
power spectrum computed on a time window which incorporates all the delayed-explosion sig-
nals will exhibit a characteristic modulation or scalloping pattern. The amplitudes of the scal-
lops will depend on the degree of correlation of the different signals and their relative ampli-
tudes, and the periodicity of the scalloping will be determined by the number and length of the
different time delays. Bell and Alexander (1977) computed spectrograms or sonograms of
simulated multple explosions and demonstrated that the spectral modulations would be
observed throughout the entire wavetrain. This persistence of the spectral modulations in all
phases of the seismograms would be a way of distinguishing multiple explosions from mul-
tipath interference, such as modulations in P spectra do to P-pP interference. Flinn et al (1973)
demonstrated the application of homomorphic deconvolution, or cepstral analysis, to the detec-

tion of a simulated multiple events. However, neither of these studies applied these techniques
to actual delayed seismic events.

The observability of ripple-fire effects in mine or quarry blasts could have important
implications for the problem of seismic discrimination between economic explosions, small
nuclear explosions and earthquakes recorded at regional distances with high-frequency seismic
recorders. Past regional discrimination studies have focused on comparisons of so-called
“discriminants” usually extracted from the spectra of explosions and earthquakes(Murphy and
Bennett, 1982; Gupta et al, 1984, Aviles and Lee, 1986). The ultimate objective of these stu-
dies has been to find a spectral feature which reflects some intrinsic difference between explo-
sions and earthquakes which could be used to identify the source type. However, it has proved
difficult to unequivically distinguish between spectral differences due to source and those
caused by near-source geology and propagation path differences. Aviles and Lee (1986) have
suggested that ripple fire effects could have been the explanation for their observation of more
low-frequency energy in mine blasts compaed to colocated earthquakes, although differences
in near-source geology could have also produced these differences. To date, there have been no
studies which explicitly show the effect of rinple fire on high-frequency spectra which could be

ENSCO, In¢ 1 February 1987
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used to identify economic explosions.

In this study, we report on the direct observation of source multiplicity in the spectra of
explosion data recorded at regional and near-regional distances. Mine blasts and earthquakes in
western Norway, recorded at regional distance from the new NORESS regional seismic array,
are compared which show that source multiplicity can be observed in mine-blast spectra but
not in those of small earthquakes. Moreover , we also show evidence of source multiplicity in
mine explosions seismograms , recorded by NORESS, in Sweden and in Russia near Leningrad
as well as in presumed peaceful nuclear explosions (PNEs) in western Russia recorded at the
NORSAR teleseismic array. This study will show how incoherent array-stack spectra extending

to high frequency can be used for source characterization and identification of source multipli-
city in explosions.
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Modulated Spectra of Multiple Events

Our strategy in the detection of multiple events is to identify a spectral modulation pat-
tern which persists in the spectra of all phases throughout the entire seismogram. It would also
be desirable to discern the number and delay times of the different events. However, as we
show below, this can be very difficult because scalloping patterns for multiple explosions can
be very complicated, even for a small number of delays. In this section, we consider the
theoretically expected spectra of seismic signals from multiple explosions, both from single and
multiple delays, and discuss the delay times we expect from standard blasting practice.

Single Delay. The equation for two signals x(¢), delayed by time T and scaled by a, a real
value, is given by

y(£) =x(t) + ox (¢-71). (M
The Fourier transform of this signal is then

Y () = X (w)(1+oe 7%
giving the power spectrum

1Y (@) %= |X ()] %(1+02+2ac0s0T) = |X (0) |*(1+02)(142 1fa2 CoSOT). Q)

This spectrum exhibits modulations of period —;lc— due 1o the coswt term. The logarithm is now

taken to "whiten" the spectrum (Kemerait and Sutton, 1982) giving

o
Log | Y (@)]* = Log [ | X () | (1+0?)] + Log (142 = COSWT). 3)
Using the approximation
x2 %8
Log(l+x)=x——3-+-3—-— -y =lex sl (4)
equation 3 can be expanded to give the following :
Log |Y (w)|? = Log [ |X (@) |*(1+0:?)] + Beoswt (5)
_p? (Los2wtl ) B (Los3etH3coswt,
2 2 3 4
where (3=2 1 x 5 The Fourier transform of the log of the Fourier transform is defined as the
+o

cepstrum. This function exhibits spikes at T and multiples of T, and the magnitudes of the
spikes diminish with quefrency.

Multiple Delays. A signal with N delays, with the Nth delay being scaled by oy (a real
value) and delayed be Ty, can be described by

y(t) = x ()0 x (=T H0ux =T+ . +ay x (t=Ty). (6)
The Fourier transform of this is

FENSCO, Inc 3
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Y (@) = X (@)(1+oye” Trone 7 - poye ™) (7)

and the log power spectrum is expressed by

Log | Y () }* = Log [ X (@) | *(1+B)} 8)
2 N N
+ Log 1+—1—+—6 [ 3 (a,cos0T,+ Y O, 0, coS(T,~T,,) ) ]
n=1 m=n+1

N

where §§ = Za,,z is constant in 1. The approximation in equation 4 can be applied to expand
n=1

equation 8 with the first term being

N N

x = 2 Y. (0, cos0T,+ Y, @, 0, COSONT,~T,,) )] 9)
]+B n=1 m=n+1

The following terms contain increasing numbers of cosinisoudal components. The Fourier

transform of equation 8 will produce peaks at the t,’s, the (T,—1,,)'s and their harmonics, plus

peaks at the quefrencies of the higher order terms in the expansion. The amplitudes of these

spikes are dependent on the amplitudes of the delayed signals ( the ¢, ’s).

Expected Delay Times. Standard blasting practice almost always involves designing a spatial
and temporal pattern which can vary depending on the application( Langefors and Kihlstrom,
1963; Dick, et al, 1983). There are three basic types of delay series commonly used (Dick et
al, 1983):

Slow or tunnel delays.

Fast or millisecond delays.

Coal mine delays.

Slow delays are most often used in tight blasting, such as in underground metallic or nonmetal-
lic mines, and are designed to cause the rock burden in one blasting hole to move prior to the
next detonation. Slow-delay intervals are typically on the order of 0.5 to 1.0 second. Fast
delays are most commonly used under less tight conditions, such as surface blasting. The mil-
lisecond delays can be quite variable, ranging from 25 to 50 milliseconds for low-period vibra-
tions to in excess of 100 milliseconds for longer periods. Coal-mine delays are a special series
of millisecond delays used in the hazardous conditions of coal mines and arc on the order of
50 to 100 milliseconds.

Dick et al (1983) give three fundamental motivations for using millisecond delays in rock
blasting:

1. To assure that a proper free face is developed to
enable the explosive charge to efficiently fragment and displace
its burden.

“w

L
L

“w

2. To enhance fragmentation between adjacent holes.
3. To reduce the ground vibrations created by the blast.

The required coarseness of the fragmentation governs the length of the delays, with longer
delays required for higher coarseness. For ground-vibration reduction, the required delay inter-
val is directly proportional to the period of the strongest vibrations. Also, greater time delays

e P e C YN Y
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are used for larger explosives.

Another factor which must be considered in blasting is the geometric arrangement and
number of blasts in a sequence. These factors vary depending on the requirements of the given
blasting situation. Moreover, a blast sequence can be composed of more than one delay time
or a complex combination of different delay times.

Thus, it is hard to predict what kinds of delays to expect in mine or quarry blasting
because they can vary depending on the application. The shortness of delays that can be
detected with spectral analysis is determined by the bandwidth of the recording system. How-
ever, equations 8 and 9 show that the various periodicities in the spectral modulations depend
not only on the basic delay, t,, but also the interaction of delays, 1,—1,,. If there are many
delays of different lengths, then the resulting spectrum in equation 8 can be very complex.

Fehrnary 1987
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DATA AND ANALYSIS PROCEDURES

NORESS and NORSAR Data. The data used for this study were recorded at the NORESS and
NORSAR arrays both located about 100 km north-northeast of Oslo, Norway. The NORESS
array is a new densely spaced array, designed for coherent detection and analysis of high-
frequency regional phases (Mykkeltveit et al, 1983) and consists of 25 vertical short- period
sensors distributed in a circular area of 3 km apersture. The NORESS array, which has been
operating since late 1984, is located near the 06C subarray of the older and larger NORSAR
teleseismic array. NORSAR has 42 sensors in 7 subarrays distributed over a circular aperture
of about S0 km. and has been recording data since 1971. The short-period NORSAR data is
sampled at 20 Hz whereas the NORESS array, designed for the detection of high-frequency
regional phases, samples data at 40 Hz.

Tables 1 and 2 give the source parameters of the earthquakes and explosions, recorded by
NORESY located in western Norway. The earthquakes are those reported in the bulletins of
the University of Bergen Regional Seismic Network. The locations are also plotted on a map
in Figure 1. The tabulated local magnitudes were computed by the coda- duration method. The
chemical explosions in Table 2 occurred at a known mine, A/S Titania, and Blasjo, which is a
dam constsruction site, and had announced explosive yields in pounds. The origin times and
local magnitudes are those reported in the Bergen bulletins. These earthquake and mine-blast
locations are between 300 and 400 km north-northwest of the NORESS array.

The locations of mine blasts in northern Sweden and western Russia are given in Table 3
and are plotted on the map in Figure 1. The S2 Swedish event location was determined by the
NORESS array, using the Regional Online Regional Event Processing Package (RONAPP),
developed by Mykkeltveit and Bungum (1984). All the other source paramecters were reported
in the bulletin published by the Institute of Seismology at the University of Helsinki. The mine
designations are those assigned to the different mines by Helsinki analysts as a result of the

application of their manual location method. These events are located between 700 and 1000
km to the east of NORESS.

The locations of the presumed peaceful nuclear explosions (PNE’s), given in Table 4 and
plotted in Figure 2, were taken from the PDE bulletins. ‘These events occurred berlore the
NORLESS array was operational but were large enough to be recorded by the NORSAR telese-
ismic array in the near-regional distance range (10 to 25 degrees).

Incoherent Beams. Short-period waveforms of regional seismic events can very complicated.
We show the waveform characteristics of these evenis in the form of incoherent beams.
Baumgardt (1985) has shown that incoherent or envelope beams are useful for analysing the
overall shapes of complicated seismograms recorded at arrays. In brief, incoherent beamform-
ing consists of computing the log-rms amplitudes in adjacent, one second time windows on
cach channel, starting about one minute before the I’n-wave onset time and extending through
the scismogram into the Lg coda. Similar measurements are also made in two minutes of noise
background to Pn. The one second log-rms estimates are then averaged over all the channels
of NORESS and plotted versus time. The average noise levels are estimated over two minutes
ahead of Pn and are plotted as horizontal lines.  Incoherent beamforming smooths many of the
amplitude fluctnations produced by local scattering and noise effects. This smoothing comes
from the combined effects of time averaging over single-channel traces and stacking the traces

ENSCO, Inc 6
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over all channels.

Figures 3 and 4 show incoherent beams for filtered wavcforms of a western Norway
earthquake and mine explosion, respectively, recorded at NORESS. The incoherent beams were
formed after bandpass filtering each irace in 8 filter bands, 2.0-4.0, 2.5-4.5, 3.0-5.0, 4.0-6.0,
5.0-7.0, 6.0-8.0, 8.0-10.0, and 8.0-16.0 Hz., using third-order recursive Butterworth lilters.
Each trace and average-noise estimate has been artificially scparated by 0.5 log-rms units for
display purposes. Also, the major regional phases, Pn, Pg, Sn, and Lg are indicated along
with the time windows used for spectral analysis, discussed below.

These heams show that significant energy is present in all phases to the 8-16 Hz fre-
quency band. Another notable feature we have observed for western Norway earthquakes, such
as the one in Figure 3, is the gradial emergence of Pn from the noise with increasing fre-
quency. This is evident in Figure 3 where the Pn doesn’t emerge from the noise until the 6-8
Hz filter. This appears to be a common feature of western Norway and North Sea earthquakes,
as reported by Mykkeltveit (1985). The RONAPP processor at NORESS consistently underesti-
mates distances to these events, relative to the Bergen locations, due to Pn being undetected
and Pg used instead in making single-array locations. By comparison, however, the I'n wave
stands out clearly in all filter bands for the incoherent beams of the Blasjo blast in Figure 4.

Figure 5 shows an example of a compressed incoberent beam plot for one of the PNE
explosions recorded "y NORSAR. In this case, the incoherent beam was computed by averag-
ing five second log-rms amplitude estimates over all available NORSAR subarray channels.
Because the PNEs are located at teleseismic distances (A > 10 deg.) from NORSAR, most of
the high-frequency encrgy beyond 5 Hz has been attenuated. Therefore, only a 0.6-3.0 Hz filter
was applied. Also, in the cuse of the event in Figure §, the first arrival is direct P rather than
Pn. The P-coda window, used in licu of ihe Pn and Pg windows, is indicated. Also, although
this event is at 17.4 degrees from NORSAR, both Sn and Lg are clearly recorded.

Spectral and Cepstral Analysis. The cepstrum was first introduced in the early 1960's as a
method of analyzing composite signals. It is defined as the Fourier transform of the logarithm
of the spectrum ( Bogart et al., 1963). This transform produces a function of delay time, or
"quefrency”, which exhibits spikes at the time differences between the onset of the signal and
any echos or repeated signals. Cepstral analysis has been used previously on seismic data for
examining multiple events (Flinn, et al,, 1973) and for depth estimation of events (Cohen,
1970; Kemerait and Sutton, 1982).

There are a number of variations of the cepstrum, including the complex, power and '
signed cepstra. The complex cepstrum is computed by taking the inverse Fourier transform of
the complex logarithm of the specttum (Oppenheim and Schafer, 1975). It retains all phase
information, so it should be used when a return to the time domain is necessary. The power
cepstrum is the magnitude squared of the Fourier transform of the log power spectrum. 1t con-
tains no phase information. The cosine-squared, or signed, cepstrum is the real part of the
Fourier transform of the full symmetric log-power spectrum (Creede and Schneider, 1976). The
signed cepstrum retains the phase information from the frequency domain, so it may contain
positive and negative spikes. This permits better discrimination between spikes caused by
multiple-source events and those caused by reflection echos. Reflections, such as pb’ or <P, pro-
duce negative fundamental spikes due to Lloyds mirror etfect (Creede and Schneider, 1976).
The signed cepstrum was used in this study because no return to the time domain was required
and detection of delayed signals which have the same polanity was desired.

ENSCO, In¢ 7 Febiuary 1987
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In computing the power spectra of the different phases, an array stacking procedure was
used to obtain smooth spectra. The stacking process cancels out uncorrelated noise and scatter-
ing effects in single channels and is essentially the frequency-domain equivalent to time-
domain incoherent beamforming. In this study, array stack spectra were obtained using a pro-
cedure similar to that described by Bache et al (1985) and Tang and Alexander (1985). The
Fourier power spectrum of each windowed phase and the pre-Pn noise is first computed on
each array channel. The window lengths varied depending on the duration of each phase, but in
general were between 7 and 14 seconds for Pn, Pg, and Sn, and 25.6 seconds for Lg and
noise for the regional events recorded at NORESS. In the case of the NORSAR recordings of
the PNEs, 51.2 second windows were used on the P-coda, Sn,and Lg phases and on the noise
ahead of P. These phase windows are shown at the top of Figures 3, 4, and S. The spectra for
each phase and noise on each channel were smoothed with cosine and Hanning windows ,and
the resulting channel spectra were then averaged across the arrays. The average spectra were
then corrected for the instrument by spectral division and for noise by subtracting the noise
power spectrum frequency by frequency from the power spectrum of each phase.

Also, for the NORSAR seismograms of PNEs, a source correction was made to the spec-
tra. The explosion source model of von Seggern and Blandford (1972) was used assuming an
explosion medium of granite. The yield was estimated assuming the m, values in Table 4 to be
proportional to 0.9 times the yield.

Some additional processing of the log power spectrum was required before computing the
cepstrum. First, after correcting the power spectrum for instrument and noise, the logarithm
was computed. If the signal spectral density fell below that of the noise at high frequency, the
last good value of the spectrum was extended out to the Nyquist frequency. We found that this
reduced the ringing in the cepstrum which occurred because of the high-quefrency oscillations
in the noise. Second, the spectrum becomes very large at very low frequency because of the
removal of the instrument response. To correct this, the spectral values below a cutoff fre-
quency, 1 Hz for NORSAR and 2 Hz for NORESS, were set to the cutoff-frequency spectral
value. Third, the mean and linear trend in the log power spectrum were then removed. Finally,
the log spectrum was reflected about the Nyquist frequency to produce the full symmetric log-

power spectrum. This symmetric spectrum ensures that all of the information is in the real part
of the Fourier-transform output.
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SPECTRAL/CEPSTRAL ANALYSIS RESULTS

Western Norway Events. Figure 6 shows the spectra for the six earthquakes shown on
the map in Figure 1. Each plot consists of the spectra for the regional phases, ’n, Pg, Sn, and
Lg, for the windows shown in Figure 2. The g, Sn, and Lg spectra have been shifted up,
respectively, by 0.5, 1.0, and 1.5 units relative to the Pn spectra for display purposes. The
dashed line on the bottom of each is the pre-Pn noise spectrum. Note that the Pn spectrum has
not been shifted relative to the noise spectrum. Also, it should be recalled the signal spectra
have been corrected for noise by spectral subtraction. Thus, comparison of the noise-corrected
signal spectra and the noise spectra indicates the true signal-to-noise ratio for Pn. Moreover,
whenever noise correction results in a negative spectral density, the noise-corrected signal den-
sity is set to the noise value. Thus, if the Pn spectra falls on the noise spectum for several fre-
quencies, the signal does not exceed the noise level at those frequencies. However, it is possi-
ble for the noise-corrected signal amplitudes to be less than the noise amplitudes. For example,

the Pn spectral nulls which fall below the noise spectrum in Figure 6 represent signal-1o-noise
ratios which are less than one.

One common feature of all the earthquake Pn spectra in Figure 6 is that there is no /n
signal energy at frequencies less than 4 Hz. The Pn spectra appear to be peaked between 8.0
and 20.0 Hz with a strong spectral null somewhere below 4.0 Hz. This observation agrees with
the filtered incoherent beam analysis, discussed above and shown at the top of Figure 3, where
Pn energy only appears on incoherent-beam traces with filters above 8 Hz. The Pg, Sn, and
Lg spectra all exhibit energy above the noise levels at around 2.0 Hz which decreases linearly
with frequency. It is also interesting to note that, with the exception of event Q6, which seems
to have a spectral null at between 2 to 3 Hz, the Pg and Lg spectra are almost parallel with
nearly the same spectral decay slope, whereas the Sa spectra appear to decay at a slower rate.
In fact, at frequencies above 8 Hz, the Pn and Sn spectra are very similar in slope. This sug-
gests that common attenuation mechanisms are responsible for the Pn,Sn and Pg . Lg spectral
decays, and that the attenuation of Pn and Sn is less than that of Pg and Lg.

Figure 7 shows the spectra for the six western Norway blasts, 3 (NMI1, NM2, NM3}) at
the Blasjo site and 3 (NM4,NMS, and NMO6) at the Titania mine. Comparing these spectra with
the earthquake spectra in Figure 6 reveals that the explosion spectra are more complicated.
The complications are caused by modulations or scalloping in the spectra. The nulls of the
modulations occur at nearly the same frequencies for the spectra of different phases, which is a
clear indication that the scalloping results from source multiplicity. Of course, modulations of
this kind can be produced by multipath phases or depth phases interfering with the primary
phases. Such interference may be expected for Pn, but not for Lg, and the interference pat-
terns in the spectra would not be identical, as they are in Figure 7. Also, the P spectra have
increased signal-to-noise ratio at frequencies below & Hz compared with the earthquakes in
Figure 6. This result is also consistent with the incoherent beam analysis in Figure 4, where
strong Pn energy is apparent in all frequency bands,

Figure 8 shows the cepstrums for the carthquakes, computed by Foutier transtorming the
spectra in Figure 6 using the methods discussed in the previous section. Only quefrencies out
to 0.6 seconds are displayed. The cepstrum for each phase has been shifted in units of 0.05 for
display purposes. The Pn cepstrum is unshifted. Also, the parallel dashed lines, Tabeled for
each phase, indicate the zero levels for the shifted cepstrums corresponding to that phase.
Thus, any cepstral value which falls below the dashed line indicates a negative cepstral
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amplitude. Some peaks can be observed in these cepstra, the strongest ones appearing in the
low-quefrencies of the I’n phase. However, most of the cepstra are simple, particularly the Lg
cepstra, which have nearly zero cepstral values at all quefrencies.

The cepstrums for the 6 explosion spectra in Figure 7 are plotted in Figure 9. In contrast
to the earthquake cepstra, the mine-blast cepstra exhibit a number of very significant peaks,
indicated by the superimposed arrows. For a given event, the quefrencies of the major peaks
are nearly the same, which is a manifestation of the identical spectral-modulation patterns,
pointed out above, in the spectra in Figure 7.

In the theoretical discussion above, we showed that delayed explosions would result in
modulated spectra, with the spacing of the peaks and troughs in the modulations dctermined by
the one over the delay time, T. For a single delay, the power spectrum would have one single

medulation of -;Ic— (Equation 2). However, the log of the power spectrum would have higher-

order modulations. The strongest secondary modulation would have periodicity of %‘c and its

amplitude would be negative (Equation 5). Thus, the cepstrum for a single delay should have a
positive peak at a quefrency of 1T followed by a negative peak at a quefrency of 21, There

would then follow other secondary peaks at integer multiples of T, but their amplitudes would
decay rapidly with quefrency.

Examination of Figure 9 shows that explosions NM2, NMS5, and NM6 may have been
single-delay shots. NM35 has main peaks at about 0.04 seconds and a secondary negative peak
at 0.08 seconds, or 2 times, which would indicate a single delay of 40 milliseconds. However,
we believe ihat they may be processing artifacts, caused by the detrending and reflection of the
spectrum at 20 Hz. The spacing between nulls in the NMS spectra in Figure 7 is on the order
of 8 or 9 Hz corresponding to the peak in the NM5 cepstrum in Figure 9 at about 0.11
seconds, indicated by the first arrow. There is also a very weak trough, pointed out by the
second arrow, at about 2 times 0.11 seconds, or 0.22 seconds. Thus, we would interpret event
NMS as being two blasts delayed by about 111 milliseconds.

For NMG, there is a primary positive peak at about 0.15 and a smaller negative peak at
0.3 seconds, consistent with a single delay of 150 milliseconds. This seems to be consistent
with the NM6 spectrum in Figure 8, which has at least two modulations with nulls separated

by about

or 6.7 Hz. The NM2 cepstra are the simplest of those in Figure 9, with a pri-

mary peak at about 0.08 seconds and the sccondary negative trough at about 0.14 seconds,
which suggests a single delay of 80 milliseconds. This corresponds to the a broad modulation

in the NM2 spectrum in Figuic 8 of about 3 or 12.5 Hz.

e IER (Pt

The cepstra for events NM1, NM3, and NM4 are more complicaied with more than one
peak and trough, indicated by the solid arrows. From equations 8 and 9 and simulation stu-
dies, discussed below, these multiple peaks appear to be an indication that these explosions
consist of two or more combinations of blasts. The quefrencies of the primary peaks vary
from event 1o event, but in general, they tend to be between 0.08 and 0.15 seconds. These are
consistent with multiple explosions with delays on the order of 80 to 150 milliscconds. All
these delays , including the single delay blasts, appear to be the fast or millisecond-type,
mine-blast delays, discussed above.

Swedish and Russian Mine Blasts. Figure 10 shows spectra for the three mine blasts in
northern Sweden and the two mine blasis near Leningrad, whose locations are tabulated in
Table 3 and plotted in Figure 1. As with the western Norway spectra, the g, Sn,oand (g
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spectra have been shifted up respectively by 0.5, 1.0, and 1.5 units relative to the ’n and
noise spectra for display purposes. Although these events are about twice the distance from
NORESS as the western Norway events, they still have significant energy in all phases out to
frequancies of 16 to 18 Haz.

The spectra of the Swedish events, SM2, SM3, and SMI, are very complicated with
modulations although these modulations are the same for all the phases. Since these modula-
tions do not appear in the noise spectram, they must be due to the signal characteristics and
not to the low signal-to-noise ratios. Particularly striking in the SM1 and SM3 spectra is the
large broad spectral peak at about 9 or 10 Hz, SM2 also has broad peak at about 8 Hz.

The spectra of the Russtan blasts, LM2 and LMI1, are simpler than the Swedish events
although spectral modulations can be easily seen and are nearly identical in all phases. How-
ever, the spectral periodicity of the modulations is greater than that of the Swedish spectra and
more closely resemble the western Norway mine-blast spectra in Figure 7. In fact, the spectra
for the BLLA mine blast NM2, in Figure 7, are very similar to those of LM2. They both exhibit
two broad cycles with nulls separated by about 12 Haz.

The cepstra for the spectra in Figure 10 are shown in Figure 11. As might be expected,
the cepstra of the Swedish mine blasts SM2, SM3, and SM1 are very complicated with many
peaks and troughs, indicated by the arrows. SM3 and SM1 have strong peaks at about 0.1
seconds quefrency, which probably corresponds to the 9 to 10 Hz spectral modulation pointed

out above. These events seem to consist of more than two blasts, although the basic delay time
is probably on the order of 100 milliseconds.

The cepstra for event ILM2 has a positive peak between 0.06 and 0.08 seconds, which
appears to correspond to the broad loop with nulls separated by about 12 Hz in the spectra in
Figure 10. There is also a trough near 0.12 seconds, which is almost twice the quefrency of
the main peak. Therefore, we interpret 1.M2 as being two explosions separated in time by
about 80 milliseconds, like the NM2 BLA mine blast discussed above.

The LLMI cepstra contain more peaks at higher quefrencies than the LM2 cepstra. The
LMI spectra in Figure 10 consist of about two loops, the first having nulls spaced apart by
about 6 Hz and the second by about 7 or 8 Hz. These loops should produce positive cepstral
peaks between 0.125 and 0.17 seconds quefrency and negative peaks at between 0.25 and 0.34
seconds. As shown by the arrows in Figure 11, broad peaks are visable at these quefrencies in
the L. M1 cepstra. However, strong peaks are also visable at quefrencies below 0.1 seconds. The
origin of these peaks is not clear from the spectra in Figure 10, since there do not appear to be
broad modulations with nulls separated by [0 Hz. or greater. Processing artifact, possibly as a
result of removing the linear trend, may have ciaused a humped spectrum of 20 Hz breadth
which could hive caused the peaks near 0.05 seconds. We therefore conclude wiat LMI con-
sists of at least two explostons, separated by between 125 and 170 milliseconds.

Western Russia PNEs. The NORSAR spectra for the presumed PNEs in western Russia
are shown in Figure 12, These spectra were computed in the same manner as the NORESS
spectra, however, none of the spectral plots in Figure 12 have been shified for display pur-
poses.  Because these events are at distances beyond 10 degrees, these spectra do not contain
the same high-frequency content as the regional signals recorded at NORESS. The NORSAR
short-period antialias filter cuts of{ frequencies above 5 Hz, so we have only plotted the spectra
to 5 Hz. Clearly, the reduced bandwidth for these teleseismic signals makes it impossible to
resolve millisecond delays in mine blasts. Oaly delays of 200 to 300 milliseconds or greater
will be resolvable with the 5 Hz bandwidth of the short-period NORSAR data, N
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Examination of the spectra in Figure 12 reveals modulations like those observed in the
mine blasts at NORESS, except the PNE modulations have much shorter spectral periodicity.
All the spectra have a low-frequency spectral null between between 1 and 2 Hz. The frequency
of the first spectral null is different for different events, but the same in the spectrum of each
phase (P coda, Sn, and Lg) for each event. Spectral modulations are clearest in the P-coda
spectra which have the most high-frequency content. The Sn and Lg spectra roll off faster
with frequency and have less high-frequency content than the P-coda spectra. Because of this,
spectral nulls are less obvious above 2 Hz in the Sn and Lg spectra than in the P-coda spectra.
Also, as in the case of the NORESS recordings of mining explosions, the nulls do not appear
in the noise spectra, and thus the signal spectral nulls cannot be due to noise contamination.

Events E2 and E6 show the clearest evidence of spectral nulls throughout the entire fre-
quency band in the spectra of all three phases. For E2, the nulls appear at between 1.75 to 2.0
Hz, about 3.5 Hz and near 5.0 Hz. The nulls in the E6 spectra occur at between 1.0 and 1.5
Hz, about 3.0 Hz, 4.0z, and ncar 5.0 Hz. For the other events, after the first null, the Sn and
Lg spectra have one hump or peak which is about the same as those in the P-coda spectra.
After the first cycle, the modulation pattern in the Sn and Lg spectra seems to be obscured as
the signal-to-noise ratio decreases with increasing frequency. However, in all cases, there is an
approximate correspondence in the location of the nulls of the spectral modulations, at least for

the first cycle, for all phases. Thus, the signals from these events appear to have been produced
by more than one explosion

The cepstra for these events, plotted in Figure 13, have peaks and troughs at similar
quefrencies for all three phases. However, they are not as sharp and well defined as those in
for the mine biasts recorded at NORESS because of the reduced bandwidth at NORSAR and
the fact that the nulls in Figure 12 are not as deep as those for the mine blasts recorded at
NORESS. The cepstral peaks below 0.4 seconds quefrency are due to processing artifact. In
particular, the peak near 0.2 seconds in most of the cepstra is due to the reflection of the spec-
tra at 5 Hz prior to computing the cepstra.

Event E3 has the sharpest cepstral peaks because the spectral nulls in the E3 specira in
Figure 12 are the deepest of all the spectra, particularly in the P-coda spectrum. The strongest
P-coda peak for E3 is at about I second quefrency. A strong peak also appears at about 1
second in the Lg cepstrum and a smaller peak in the Sn cepstrum at a quefrency shightly less
than 1 second. The slight shift in the peak frequencies seems to be do to noise contamination

in the Sn and Lg spectra, and we interpret E3 as being composed of two explosions delayed
by about 1 second.

The E2 cepstrum has the most consistent set of peaks i all phases at about (.75 seconds
quefrency, as indicated by the arrow. Event El has a set of somewhat less clear peaks at a
quefrency of about 0.9 seconds. Events E4 and E6 have peaks between 0.6 and 0.8 seconds,

although are negative. These troughs may be due to noise contanunation and processing
artifact.

Event ES has a parnculatly strong peak an the Pocoda cepstrum at about 1.4 seconds,
caused by the very strong spectral moduolanion, evident in the ES P-coda spectium in Frgure 12,
with peak and trough separations of about 0.7 Hz, ‘The first cycle of this modulation can be
seen in the Snoand L, spectrum, but then disappears at higher frequency due to notse contami-
nation. 'This one cycle does not appear to be sutficient to produce strong cepstral peaks in the
Snoand Lg cepstra in Figure 130 However, based on the strength of the modulation in the P-
coda spectium and the tact that part of the modulation appears in the low-frequency part of the
Snoand Lg spectrain Ligore 12, we ¢:nclude that event E6 1y two explosions delayed by 1.4
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SIMULATION EXPERIMENTS

In order to obtain a better understanding of the spectral characteristics of multiple e xplo-
sions, we simulated multiple explosions using signals of one of the western Norway earth-
quakes. Event QI was used since its spectrum did not have modulations and thus appears to
be single event, at least within the resolution of the NORESS bandwidth. Thus, if the signals
from Q1 were produced by a set of events with constant delay time, the delay times would

have to be less than -2—10- Hz, or 50 milliseconds.

Assuming that the Q1 signals are from a single explosion, we built up a simulated muhi-
ple explosion by using the QI signals delayed in time and with different amplitude, numeri-
cally simulating equation 6. The signal was first isolated from the first onset of the Pn 1o well
into the Lg coda. The noise ahead of the Pn onset was retained and assumed to be the noise
ahead of the multiple explosion. Thus, the isolated signal was added to the original seismo-
gram, but delayed in time and multiplied by some amplitude factor,a. This can be done more
than once to produce a composite multiple-event sequence. We then computed spectra and
cepstra of the resultant simulated multiple-event signal as we did with the NORESS data.

The spectra of four simulations are shown in Figure 14. The corresponding cepstra for
these spectra are plotted in Figure 15. Figure 14(a) is the spectrum for two events, separated
by 125 milliseconds, and having the same amplitude. The resultant spectra have very deep

nulls , separated by -l%s- milliseconds, or 8 Hz. These spectra resemble the deep-null spectrum

of the Russian mine blast, LMI(Figure 10), and the PNE E3(Figure 12), although the spacing
of the nulls of E3 are much less than those of the simulation. However, most of the spectra do
not exhibit the deep nulls characteristic of this simulation. The corresponding cepstrum in Fig-
ure 15(a) shows a clear peak at 0.125 seconds quefrency, as expected. Also, note the smaller
negative peak at twice the delay time, or 0.25 seconds.

Figure 14(b) shows the effect of superimposing three delayed events, according to the
following

y()=ogx () + opx(t-T) + 0x (1-21), (10

where oy = oy =0y =1 and 1= 0.125 scconds. The number of cycles in the spectra have
been doubled, relative to the single delay case, and the widths of the cycles have been halved.
There are still two dominant peaks, one at 8 Hz and one at 16 Hz, separated by 8 Hz, which is
the reciprocal of the delay time, 0.125 seconds. The cepstra of this case, in Figure 15(b), still

have strong positive peaks at 0.125 seconds and an additional peak at twice 0.125 seconds, or
0.25 seconds.

Figure 14(c) shows the resulting spectra for the case when oy = 04 = 0.5¢, in equation
10, that is, for three delayed explosions with the second and third explosions being half the
amplitude of the first. The delay time is still 0.125 seconds. Changing the relative amplitudes
of the different delayed signals makes the nulls less deep and the spectral modulations less
obvious. The cepstral peaks in Figure 15 for this case are weaker than for the case when the
signals were the same amplitude. The cepsira are in general simpler when the delayed-signal
amplitudes are different, and the higher quefrency interference peaks are much less apparent.
This simulation resembles most of the cases we have studied, especially NMS, NM6, and NM2
in Figure 7, LM2 in Figure 10, and all the PNE examples, except EX, in Figure 12 Thus, it
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appears that most delayed explosions are composed of explosions of different sizes. '

Finally, Figure 14(d) shows the case of 30 superimposed signals each delayed by 0.125
seconds. Comparing this case with the 3 signal simulation in Figure 14(b), we see thut main
peaks at 8 and 16 Hz begin to dominate relative to the secondary lobes. Clearly, in the limit as
the number of explosions approaches infinity, the main peaks become delta functions. Figure
15(d) shows that the cepstra for this case consists of of the primary peak at 0.125 seconds and .
many secondary peaks. None of the spectra or cepstra we have examined so far resemble this

case. Thus, it appears that all of delayed explosions we have studied consist of, at most, 3 or
4 explosions.

It should be noted that these results do not preclude the possiblility of there being shorter
delays than 50 milliseconds. In fact, in the case of the mining explosions, each explosion
delayed by milliseconds is probably a salvo of several charges delayed by intervals of 25 1o 50
milliseconds or less (Dick,et al, 1983). Delays this short could not be resolved by any of the
data used in this st_Jy. Bandwidths on the order of 80 Hz or greater would be required to
resolve delays shorter than 25 milliseconds,
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DISCUSSION AND CONCLUSIONS

This study has shown that the effects of ripple firing in mine blasts and PNEs can be
resolved from the analysis of the high-frequency spectra of different phases. The best explana-
tion for a consistent modulation pattern persisting in the spectra of all phases in a seismogram

; is that the signals are a composite of two or more delayed signals. Although it is true that
mulitipathing effects, such as P-pP interference, can also cause modulations, they would pro-
duce different modulations for different phases. Moreover, it is unlikely that such effects would
be observed in Lg and Lg -coda spectra.

We have used cepstral analysis to make an estimate of the delay times between explo-
sions. This has sometimes proved difficult because of the limited bandwidth available in the
NORESS spectra, and in particular, in the NORSAR spectra. However, our estimates of delay
times have been consistent with the fast or millisecond type delays commonly used in under-
ground mines. These delay times are consistent with the known blasting practice in the
Norwegian mines, where delays on the order of 100 to 150 milliseconds are common (S. Myk-
keltveit, personal communication).

For the PNEs, our results indicate much longer delays, on the order of 0.75 to 1.25
second delays. Because these explosions are much larger than the mine blasts, as evidenced by
their higher body-wave magnitudes, they are probably being used to move much larger
volumes of rock. The Soviet Union has given only a limited amount of information about their
PNE program. What information is available in the Soviet literature indicates that the 'NE pro-
gram is primarily directed toward various economic development applications (Nordyke, 1983).
For example, many of the explosions in the Pechora River region and around the Ural Moun-
tains, which are the regions where the PNEs used in this study occurred, appear to have been
fired near major river systems in order to redirect their flow southward through canal systems
to the more arid parts of the Soviet Union (Nordyke, 1974). However, recent reports in the
scientific press indicate that the Soviet Union has discontinued these projects because of their
likely deleterious impact on the environment (Dickson, 1986). These shots may have been
delayed in order 1o enhance the fracture efliciency of the explosions and also to reduce ground
motion effects. As we discussed earlier, explosion delay times should increase for larger explo-
sions. Thus, given the size of these explosions and the magnitude of the project the Soviets
may have been attempting, the 0.8 to 1.25 second delay times appear to be reasonable.

From visual analysis of spectra and cepstra, we have not been able to unequivocably
ascertain the number and sequence of delayed explosions. The temporal pattein of multiple-
explosion signals is determined not only by the time sequencing of the explosions but also how
they are arranged spatially. From our theoretical and simulation analyses, we have tound that
more than two interfering signals can produce very complex log spectra and signed cepstra. In
order to determine the exact pattern of explosions 1n our data, it would he necessary to make
simulations, generate theoretical specura and cepstra, and find those which most closely resem:
ble the observed data. In order to infer anything about the spatal pattern of explosions, spectral
ohservations from several different azimuths around the mine would be required. Such an
inversion scheme would be the spectral equivalent to time domain studies of complex earth-
quakes, such as that of Barker and Langston (1981).

These results also have significance for discriinunation between nine blasts and carth-
quakes. Although we have clearly observed differences between nune blasts and cathquakes in
western Norway, these differences are mainly a consequence of mine blasting practice. We also
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observed a spectral difference in the Pn spectra, where earthquake Pn spectra seem to be
peaked between 8 and 16 Hz with litile energy below 4 Hz whereas the explosions have flatter
spectra. One possible explanation of this difference in Pn excitation is that the western Nor-
way earthquakes may occur at greater depth in the crust than the near-surface mine blasts, and
thus, pPn may partially cancel Pn energy at frequencies below 4 or 5 Hz. However, we do not
now know for sure if this difference is due to intrinsic source differences or to path
differences. As long as mine-blast ripple firing is used, mine blasts can be distinguished from
earthquitkes by looking for modulations and nulls in the explosion spectra. Mine blasts almost
always consist of delayed explosions, although the delay times will vary depending on what is
being accomplished. However, we have not always observed millisecond delays in blasts n the
Leningrad region. There are undoubtably shorter delay explosions used, with delays less than
50 milliseconds, which cannot be resolved with the 40 Hz sampled NORESS data.

Another important consideration is whether chemical mine blasts can be distinguished
from nuclear explosions. If mine blasting always uses ripple firing (This could be required in
the negotiated protocol of a comprehensive test ban treaty.), high-frequency data are available,
and nuclear tests do not have delays, then it can be done. In order to make a nuclear-weapons
test look like a mine blast, it would be incumbent on the testban treaty violator to simulate the
ripple fire of mine blasting. We have shown in this study that PNEs in western Russia appear
to be multiple shots, although the delays are greater than the mine blasts. However, it may be
expensive and difficult to always simulate very short delays. Another possibility would be to
set off a string of chemical explosives and time a nuclear explosion to be in the string

sequence. Such a blast may stand out strongly as compared with mine blasts which may be
discernable in the spectra.

Future research should address the use of higher frequency data for the resolution of
much shorter delays. Recently, the High Frequency Seismic Element (HFSE) has been installed
at NORESS (Ringdal,et al, 1986) which provides the high frequency data needed for such a
study. The HFSE element consists of a Geotech S-3 seismometer in a 60 m borehole, at the
NORESS center, and is sampled at 125 Hz. Ringdal et al (1986) have found that this element
provides data which have good signal-to-noise ratio in Pn and Pg spectra out to 62.5 Hz. for
events at distances out to 500 km from NORESS. Thus, with these data, it should be possible
to resolve explosion delays of 25 milliseconds and less for the mines in western Norway.
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FIGURE CAPTIONS

Figure 1. Map showing locations of the western Norway earthquakes, the Blasjo (BLA)
and Titania (TITA) mines, mines in northern Sweden, and Leningrad-region mines and
the NORESS regional array. Locations of the western Norway earthquakes are from
the bulletin of the Western Norway Seismic Network of the University of Bergen.
BLA and TITA locations are the known mine locations. The Swedish and Leningrad
mine Jocations come from the bulletin of seismicity in the Nordic countries published
by the Seismological Institute of the University of Helsinki.

Figure 2. Map showing PDE locations of the presumed PNEs in western Russia and the NOR-
SAR teleseismic array.

Figure 3. Filtered incoherent beams of one of the BLA mine blasts (NM1 in Table 1) in
western Norway. Incoherent or envelope beams are computed by averaging across the
NORESS array the average log-rms amplitudes computed in 1 second windows on each chan-
nel. Horizontal lines are the log-rms noise levels averaged over 2 minutes before Pn onset
time. Filters are third-order Butterworth recursive filters designed to realize the bandpass fre-
quencies indicated. Each plot for different filters has been shifted by 1.0 log-rms unit for
display purposes. Pn, Pg, Sn, and Lg windows used in spectral analysis are shown at the top.

Figure 4. Same as Figure 3 for one of the western Norway earthquakes (Q6 in Table 2).

Diminished I’n amplitude at low frequency and its emergence at frequencies above 4 Hz are
apparent.

Figure S. Incoherent beam plot for a western Russia PNE (E2 in Table 4). Log-rms amplitudes
are computed in 5 second windows on each channel and averaged across the NORSAR array.
The P-coda, Sn, and Lg windows used in spectral analysis are indicated.

Figure 6. NORESS array-average spectra for each phase, Pn, Pg, Sn, and Lg, from the
western Norway earthquakes. The pre-I’n noise spectrum is plotted with a dotted line. Each
spectrum has been corrected for instrument and pre-Pn noise. The spectra of Pg, Sn, and Lg
were respectively shified by 0.5, 1.0, and 1.5 units relative to the Pn spectra. The Pn spectrum
is not shifted relative to the noise spectrum.

Figure 7. NORESS array-average spectra for the western Norway mine blasts. The spectra
were computed the same as those in Figure 6.

Figure 8. Signed cepstra for the western Norway earthquakes, computed by the forward Fourier
transform of the spectra in Figure 6. Each spectrum in Figure 6 was detrended, zero-meaned,
and reflected about the 20 Hz point before Fourier transforming. The Pg, Sn and Lg cepstra
have been shifted respectively .05, JLand 1S units relative 1o the Pa cepstrum. The dashed,
horizontal lines are the zero levels for each of the phases, which are labelled to the right.

Figure 9. Signed cepstra for the western Norway mine blasts, computed by the forward Fourier
transform of the spectra in Figure 7 with the same preprocessing as the cepstra in Figure 8.
Arrows indicate the locations of peaks which appear at the same quefrencies in all phases and
discussed in detanl in the text.

Figure 10. Specira for the notthern Sweden mine blasts (SM1, SM2, and SM3) and mine blasts
near Leningrad (M1 and LM2).

Figure 11. Signed cepstra for the northern Sweden mine blasts and mine blasts near Leningrad,
computed by Fourier transforming the spectra in Figure 10, Arrows indicate the quefrencies of
the significant cepstral peaks, related to the modulations in the spectrain Figure 10, discussed
in the text.

ENSCO, Inc 21 February 1987
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Figure 12. NORSAR array-averaged spectra for the PNEs listed in Table 4. Spectra are for P-
coda, Sn, and Lg in 51.2 second windows, shown in Figure 5, and the noise spectrum, for a
51.2 second window before the P onset, is plotted with a dotted line. These spectra were com-
puted in the same manner as the NORESS spectra, except an additional source correction was

also applied, discussed in the text. The spectra are not shifted relative to each other or the
noise spectra.

Figure 13. Signed cepstra for the PNEs computed by Fourier transforming the spectra in Figure
12. The Sn and Lg cepstra have been shifted up by 0.05 and 0.1 units, respectively, relative to
the P-coda spectra for display purposes. The dotted lines indicate the shifted zero levels for the
cepstrum of each phase. Arrows indicate quefrencies of significant peaks related to the modula-
tions in the spectra in Figure 12, which are discussed in the text.

Figure 14. Spectra for the multiple-source simulation using the signals from the Q1 earthquake.
(a) Spectra for composite of the 2 Q1 seismograms added together but the second seismogram
delayed by 125 milliseconds relative to the first. (b) Spectra for 3 Q1 seismograms added
together but delayed by 125 milliseconds. (c) Same as (b), but with the second and third
seismograms reduced in amplitude by 0.5 relative to the first. (d) Spectra for composite of 30
QI seismograms added together with delays of 125 milliseconds and with the same amplitudes.

Figure 15. Signed cepstra for the simulated multiple explosions computed by Fourier
transforming the spectra in Figure 14. The cepstra in (a), (b), (c), and (d) correspond to the
spectra in Figures 14(a), 14(b), 14(c), and 14(d), respectively.

ENSCQO, In¢ 22 February 1987
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TABLE 1
SOURCE PARAMETERS FOR
WESTERN NORWAY EARTHQUAKES
EVENT | DATE | ORIGIN TIME | LATITUDE | LONGITUDE | M,
(nvd/y) (UTC) (deg N) (deg E) ]
Q1 2/05/86 |  20:23:15.9 62.66 4.61 2.7
Q2 | 2/05/86 | 23:35:41.1 62.74 4.50 2.6
Q3 | 2/06/86 | 06:19:52.4 62.90 4.86 2.3
Q4 | 2/13/86 |  19:03:48.2 62.61 5.07 26
Q5 | 2/13/86 |  13:39:00.3 62.40 5.28 25
Q6 | 2/16/86 |  18:19:41.3 61.69 4.90 20
TABLE 2
SOURCE PARAMETERS FOR
SOUTHERN NORWAY MINE EXPLOSIONS
EVENT | DATE | ORIGINTIME | SIZE | M,
(m/dly) (UTC) (TONS)
BLASIQ MINE EXPLOSIONS
( LAT. = 59.31 deg N LONG. = 6.950 deg E )
NM1 | 08/05/85 17:42:58.7 629 | 26
NM2 | 08/06/85 17:50:07.9 308 | 24
NM3 | 10/17/85 10:00:00.4 327 | 24
TITANIA MINE EXPLOSIONS
( LAT. = 58.342 deg N LONG. = 6.425 deg E )
NM4 | 11/08/85 14:18:54.6 1325 | 24
NMS | 02/14/86 |  14:13:24.9 957 | 27
NM6 | 02/14/86 17:54:10.6 162 | 23
l
:
|
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B TABLE 3
EPICENTERS FOR EVENTS EAST OF NORESS
TEVENT MINE | DATE | ORIGIN TIME | LAT | LONG | M, | SOURCE
(m/dly) | (HR:MN:SEC) | (deg N) | (deg E)
NORTHERN SWEDEN MINES
SM1 R1 12/16/85 14:44:36 | 67.1 20.6 2.5 | Helsinki
SM2 - 01/28/86 10:18:33 66.0 15.9 2.3 | NORESS
SM3 R1 02/14/86 16:44:08 67.1 20.6 2.6 | Helsinki
LENINGRAD MINE EXPLOSIONS
LMI VIC | 07/25/85 17:32:46 60.9 29.3 2.5 | Helsinki
LM2 VIB | 12/25/85 14:18:01 60.8 293 | >2.0 | Helsinki
L _
TABLE 4
SOURCE PARAMETERS FOR
PRESUMED EXPLOSIONS IN
WESTERN RUSSIA
'EVENT | DATE | ORIGIN TIME [ LATITUDE | LONGITUDE | m,
(m/dly) (UTC) (deg N) (deg E)
El 07/10/71 16:59:59.3 64.168 55.183 5.3
E2 10/04/71 10:00:02.0 61.613 47.116 5.1
E3 08/14/74 14:59:58.3 68.913 75.899 5.5
E4 08/29/74 14:59:59.6 67.233 62.119 5.2
ES 10/04/79 15:59:57.9 60.677 71.501 5.4
[6 08/11/84 18:59:57.8 65.079 55.287 5.2
_ S S .
ENSCQO, In¢ 24 February 1987
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