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19. Abstract

This report summarizes the work completed on high frequency seismology by

the Center for Seismic Studies research starf between I October 1989 and I
October 1990. The aim of the research wis to characterize the high frequency con-

tent of inoise and signals, and to develop methods of discriminating between mine
blasts and other sources using high frequency seismic data. Data for these studies

came Iront the NOR:SS small aperture array in Norway and Its' high frequency (tip
to 125 1 Iz) ceitral elemenit. The majnr results of the research Include:

* The upper frequency limits or teleseismic P-wave spectra for events recorded
at the NORESS high frequency element were between 5 and 20 Hz.

" Path spectra for explosions from Ral'apan follow the attenuation models pro-
posed by other authors (apparent I =0.14) up to 15 Hz, but from 15 to 20 Hz,
the attenuation of the Ilalapan-NORESS path spectra is greater than that extra-
polated from the previous models.

* Scatter in delay times between successive blasts of a ripple-fired explosion
have a deteriorating effect on spectral modulation.

" ror the few blasts that are ideal, i.e.. having no or negligible errors in time
delays; the delay tine between shots as well as the number of shots in the
explosion can be estimated.

" The shape of wavefronts from Ralapan explosions as recorded at NORESS were
nearly identical for 33 events studied.

" Wavefronts from events in the nortlheastern section of the Balapan test site
were characterized by a consistent tilt with respect to the wavefronts meas-
ured from events in the sotithwesterti section of the test site.
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FOREWORD

This re)ort summarizes the work c:omlleted on hih frequency seismology by
the Center foi- Seismic Stuhdes research staff between I October 1989 and I
October 1990'. he aim of tihe research was in characterize the high frequency con-

tIt of noise and signals, an( to developj methods of discriminating between mine
blasts and other sources using high fre(lttuency seismic data. Data for these studies
came from the NORESS small aperture array it Norway and its' high freItiency (up
to 125 lIz) central element. A brief diescriltlonl of tihe contents of tihe report are
given below

The first section is a study of the high frequency content of teleseismic P-
waves as recorded at the NORESS high frequency element. The data Included

recordings of both large underground nuclear explosions and earthquakes. The
upper frequency limits of the P-wave spectra for the 33 events studied were
between 5 and 20 liz. Path spectra for explosions fron Ilalapan follow the attenua-

tion moclels proposed by other authors tip to IS I Iz. From 15 to 20 1Iz, the attenua
tion of tie Balapan-NORESS path spectra is greater than that extrapolated from the

previous models. Other path spectra follow the standard attenuation model with

apparent 7% 0. , but do not have data al)ove 15 1lz.

In tihe second section, (ata from lithe high fre liricy element at NORESS Is used
to (stimate the characteristics of ripple- fired explosions i, fennoscanclia. The
assumptioll of equal lime delays betwell suc::essive blasts In a ripple-fire leads to
ol)timistic asseslnents of our ability to evaluate these blasts. The few case studies
that have been undertaken have had mixed success in ol)serving any spectral modi-

I;tioi effects. We discuss the deteriorating effect on spectral modulation that
scatter in delay times between successive blasts of a ripple-fired explosion may
have. The study is based on actual observations of scatter in time delays of some

explosive detonators used by the mining industry. For the few blasts that are ideal.
i.e., having no or negligible eirors in time delays; we present a method that esti-
mates the delay time between shots as well as the number of shots In the explo-
sion.

The third and final section of this report is a study of slowness and backa-
zimuth estimation using interpolaled NORESS data. The normal 25 ms sampling

Interval of the NORESS array elements was reduced to I ms through interpolation.
This data was then used to study IhI, characteristics of wave'ronts from explosions
at the Soviet test site Balapan, and provhded some very Interesting results. The
shape of the wavefronts after making corrections for the elevations of the Indivl-
dual elements were nearly idenlical for all events studied. However, wavefronts

from events in (lie northeastern section of tire test site were characterized by a con-

sistant tilt with respect to the wavefronts measured from events in the

southwestern section of the test site. This Is further evidence of tle differences
between these two sections of the test site.

vii



1.1 HIGH FREQUENCY CONTENT OF TELESEISMIC P-WAVES

AISTIRACT

1II this note we cieterltiitle tll)l)Cer rrP(IuienCy limits of' speclra for P-waves travel.
Ing teleseismic distaices. I)ata reccorded at tlie high frequency element of the
NOII.SS mini-array are analyze(I from 33 selsimle rvemts fit various reglonis and of
fllfferent sotirce types. The I)rocetir(s to estinat high frequency spectra using
mnitiple window tapering in combitat ion with nitilti-sample noise correction
employed in this study seems to extend the tipper frequency limit of the path spec-
tra somewhat compared to conventional tapering and noise correction applied to
"low" frequency double averaged array data. The P-wave spectra have ipper fre-
qnicy limits between 5 and 20 liz. This limit is, to some extent, dependent on the
seismic noise that varies coisiderably with daily anid weekly cycles. The highest
tipper limits. around 20 lIz, were obtained from some large explosions in E. Kazakh.
Central Siberian explosions and dee) earthquakes in the Sea of Okhotsk had tipper
limits of about 13 l-z, and energy up to 10 Hlz were detected for several other paths
from deep earthquakes. Spectra shaped by the )ath are constructed by correcting
for instrument response and for source effects. Sich path spectra for explosions in
the Balapan area fairly closely follow earlier proposed attenuation models to the
tipper limit of 15 IHz. In the band 15-20 liz, however, the attenuation of the Balapan
path spectra is higher thatn would be expected from extrapolation of the models
beyond 15 iHz. The amplitude of path spectra for other teleseismic paths ( 30-900)
decay with frequency according to a standard attenuation model with apparent

=0.14. The decay is, however, often over-I)rilted with significant undulations.
Some or most of this undulation may be due to the fact that simple smooth source
models were used to construct tie path spectra.
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1.1.1 Introduction

Recordings of very hilh-frettlency selsmtic waves have recently become an
area of interest rot' discrimination between earthquakes and explosions. A number

of seismological stations have been eqluipl)ed with systems for recording seismic

waves with high fidelity up to and beyond frequencies of 20 Hz.

In this paper we analyze data collected at one of these high-frequency stations,
the NORESS seismic array In Norway, to study the propagation of high-frequency P-
waves over teleseismic distances. More specifically we address the question: at
what high frequency limit may significant P-wave energy be detected along telese-

ismir paths?

The frequency band for teheseismic recor(lings of P-waves has tradltionaily
been centered at frequencies alroImid or Just a)ove 1 iHz. I lowever, observations of
significant energy at much higher frequtcicies have been reported for some telese-
ismic paths. For example, Bache et at. (1985) reported observable P-wave energy
ot to the high-frequency limit (8 1lz) of lhe recording system at the UK seismic
arrays EKA, GBA, WRA, and YKA from nuclear explosions at the Eastern Kazakh test-
ing grounds. The path from Eastern Kazakh to the NORESS array has also been
known to I)e transparenlt to high frequency energy. Bache et al. (1986) and Walck
(1988) reported significant energy tip to 12 117 and 15 liz for r vents at Degelen
Mountain and at Balapan at the Ilaslein Kazakh testhig groutinds.

1.1.2 Data

The data used here were recorded at the high frequency element of the
NOIRIESS array in Norway. The analysis is limited to data obtained at a vertical com-
l)oielt Teledyne Geotech GS-13 seismonmeler pIlaced in the surface vault at the
center element (site NRAO) of NORESS. The data were sampled at 125 samples/s
and the amplitude response curve of the instrUment and recording system Is
approximately flat to velocity in lte band 5 to 50 liz (riojure 1).

1987 and early 1988 data were retrieved fron the database at the Center for
Seismic Studies for the high frequency element at NORESS. Source parameters com-
piled anti reported by ISC for the seismic events for which data were analyzed are
listed lii Table 1. The piths from ite eVvent elpicetieris to the NORESS array are
showi in tile map In rIfurc 2. This events were selected on the basis of their poten-
tia l to generate high frequencies atid Inclde irestlme(I 11nderground nttclear explo-
sionls in the USSR and China, deep earthquakes, very large shallow earthquakes, anti
earthqulakes that were reported with a high signal to noise ratio in the NORESS
daily bulletins. Some examples of recorded sigitals from explosions are displayed
in sections of FIoure 3.
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Amplitude Response NRAO
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Figure 1. Amplitude response curve (in Volts per m/s) or the recording channels of the high
frequency element at the NORESS array.
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TABLE I

.VI:N'r SOURCE PARAMEI'ERS

Date Origli l.alltide lnngitude Depth mb(ISC) Mo(HRVD)

lime (kin) (Nni)

1987 Jan 5 22:52:46.5 41.96 81.32 17 5.9 4.1'10"

1987 Jan 14 11:03:48.7 42.57 112.85 102 6.5 1.71019

1987 Mar 3 01:32:12.3 46.35 152.01 96 5.8 4.6101'

1987 Mar 9 23:58:50.4 -25.49 179.67 483 4.9 -

1987 Mar 12 01:57:17.3 49.93 78.78 1 5.5 -

1987 Apr 17 01:03:01.8 49.89 78.69 1 6.0 -

1987 Apr 19 03:59:57.1 60.52 57.08 1 4.5 -

1987 Apr 19 04:04:55.6 60.81 57.55 1 4.4 -

1987 May 6 04:02:05.7 '19.83 78.13 1 5.6 -

1987 May 6 04:06:1.1 51.27 -179.90 20 6.3 8.5"10"

1987 May 7 03:05:49.1 416.74 139.23 430 6.0 1.8-1019

1987 May 18 03:07:34.1 49.28 147.69 542 6.1 1.7'1019

1987 May 19 00:1.1:33.1 29.86 139.07 417 5.5 -

187 .Iti 5 04:59:58.3 4 1.58 88.74 1 6.2 2.6"101

1987 Jun 6 02:37:07.0 49.x(; 78.10 1 5.3 -

1987 Jun 10 1.1:50:11.5 37.23 21.47 41 5.2 1.1-1017

1987 Jun 20 00:53:04.8 '19.91 78.7,1 1 6.1 -

1987 jui 6 23:59:56.7 61.50 112.80 1 5.1 -

1987 Jul 7 18:12:53.A -25.83 178.17 649 5.4 2.71017

1987 .Iul 14 23:46:03.5 .1963 147.83 576 5.9 8.3.10' 7

1987 Autg 2 01:59:59.8 73.34 5,1.62 1 5.8 -

1987 Aug 10 10:52:19.9 29.87 63.84 165 5.6 1.4'108

1987 Aug 12 01:29:56.8 61.46 112.76 1 5.0 -

1987 Sep 7 11:32:27.3 39.37 54.76 37 5.5 4.2"10'7

1987 Oct 2 07:38:27,8 27.35 139,94 464 5.5 4.91017

1987 Oct 3 15:14:57.4 47.61 56.23 1 5.2 -

1987 Oct 4 18:34:22.6 55.58 161.62 54 6.0 9.1.101,

1987 Oct 6 20:11:35.1 52.96 159.97 34 6.1 7.3"1020

1987 Nov 30 19:23:19.5 58.68 -142.79 10 6.7 7.3.1020

1987 Dec 12 04:51:50.5 29.69 1.10.02 164 6.3 3.6.10a

1987 Dec 13 03:21:04.8 49.99 78.84 1 6.1 -

1987 Dec 27 03:05:04.7 49.86 78.76 1 6.1

1988 reb 13 03:05:05.9 49.95 78.91 1 0.0
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rigure 2, The paths from tile events to the NORISS mini-array in Norway for data analyzed

here. Asterisks, circles and crosses ire usedl to indicate presumed underground explosions,

shallow and deep earthquakes respectively.
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Shagan Events at NOR ESS

6
e6-7
5 87/03/03

4 87/04/17
e6

3 87/06/10
e6

2 87/12/12
e6 A

1 87/12/27

o 88/02/13

e6 0 2 46 8 10

nui':re 3a. Records from the NORESS hih ireienry element (vertical component) from, a
presumned und1(ergroulnd explosion at lalapan In the liastern Kazakh testing groundis, Th.e'
thiewindow used for the spectral estimates is Indicated at the top or the record section,
Trhe amplitude scaling diiffers for the three sections.
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Central Siberian Events at NORESS
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luure 3b, Records from the NORESS high frequency element (vertical component) from a

presumed underground explosion In Central Siberia. The ilmewlndow used for the spectral

estimates is Indicated at the top of the rorl sectlon. The amlpIlttucle scaling dirfers for the
Ihree se l ions.
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Ural Events at NORESS
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F4.iure 3c, Records from ffite NOIWSS high freci(nry elementfl (vertical comp~onent) fromf a
prestimed mindergroond explosion i 1he Ural MoiiIins regilon. The IlmewIndow used ror
the spctIral estimates is inelicaited wi o1w top or au hreicord section. The amplitude scaling
eli ier ror i1to 1 irce seciltis.
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1.1.3 Data Analysis

An amplitude spectrum was estimated for the initial P-wave of each recorded
event. The estImales were basedl a 3.0 s tilne window to isolate tie first arriv-

Ing 1P wave pulse. The data will)w slarled 0.3 s prior to the manually read onset
time. The time windows are marked on lhe record sections In FIgure 3.

Spectra, calculated from the Inillial P wave window, were corrected for noise
using the 20 s noise segment prior to the data window of the P signals. In order to
optimize the trade-off between leakage resistance and variance of the spectral esti-

mate, we used the multiple window spectral analysis method of Thompson (1982).
This technique has been applied l)y Zhu et al. (1989) to teleseismic recordings of
underground nuclear explosions. After some experimentation with data, the time
bandwidth product was set to 4.0 in the spectral calculations.

The power spectrum of an initial 1P phase, Pv(f), was corrected for noise
accordling to the formula:

Ps'f)-'.)-Nf)

where average noise spectria, 1IN(f), is defined as

with the noise spectra, PN(f) ( bi ....6), being calculated in the same manner as the

spectrum for the initial P wave fr six consectilive data windows prior to the P wave
window.

Only estimates for frequencies, f, such that Ps(f)> 2 .0.maxi(PN (f)), are used In

the subsequent analysis. This somewhat conservative cut-off criterion should avoid
any biasing noise contamination.

Single statlon spectra are somnetimes cotisidered to be more ambiguous than
average array spectra (Bache et ul., 1985). The multiple window spectra technique,

however, gives smoothed spectra as can be seen from the comparison of spectra
calculated with multiple windlows and willi the 10% cosine taper that is often used

(lIgure 4).

The noise correction applied here is somewhat dlifferent from those of Bache
et al. (1985) and Walck (1988), for example, who )ase their correction on one sam-

pIe of noise dlat of about the same length as the signal window that Immediately
precedes the signal. Here we use an average or several consecutive noise samples
(n6) preceding the signal and can thereby reduce the scatter In the correction sig-
nificantly. We Illustrate this effect with a compltational exercise on the noise data
segments. Clearly the trule nolse coulianlhualtlig a slial power spectrum, Ps(f), cali

1-9



COMPARISON OF SPECTRAL ESTIMATES

10
*=Multiwindow

-- Standard
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FIloure .1. Comparison of P-wave spectra corrected for instrument response obtained with a

standard cosine taper (10%) and with multiple window tapers for one of the events (Apr 17,

1987 at Balapan).
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ont ly Ie estinialed and riot delgrmill tid exactly. We can i Sludy Ile quality of such a

lloise (,slilnale tisilig the liwise dhlait seIlleis. Iaillhr han estinallng tIle hoi.se por-

li o) of, tile sigt.llil d l ll Window, We (all aiiNilll 11l I W(' wlant to estllmnite li' Siec;-

liiiii of il liiit; (is il v1a win(ow isiii (ily (lilt p rior to t hat win(low. The estlnatel

noise spectirii .all lien he (:coill)are(d wi Ih Itie calculated spectrum for the actual

noise data window. Ideally the ratio (if' lhe estimated and the calculate( noise spec -

Ia .should Ibe equal to 1 regiardIless of fieqliemi'y. The standard deviation of the

ratio can be tlsed iasa imeasure of Ilie( (ltillity of' lie noise power spectrum esti-

liaeIl('. ri(jar'e 5 cOliilles the stain(liir(I tiviatiibl of tile ratio ias a function or fre-

quenicy for two eStimlatioin procedul'es. The ippi andi lower curves relpresent esti-

mates obtained from one noise saiple with Ilanniing tapering and from five col-

sectutive samples with multiple window tapering, respectively. The latter estimation

procedutre reduces Ile slandlartI devialin of the ralio by nearly a factor of foir.

Variations among spectri base(d on recordings at the same station fromt dif-

ferent events in the same soulrce area catll be expected (hie to differing yields, depth

of burial, near source geology, anI contriulion of secondary sources like tectonilc

release (Bache et al., 1985). lowever, distinct differences among spectra from

groups of closely spaced events have also been observed. Walck (1988) found that

somule explosions at Sliagan River had a flat spectral slope between 3 and 7 liz,

whereas others decayed rather smoothly in this batid. I lowever, signals recorded

under similar noise conditions froii closely spaced sources of different strength

are expectedI to have (lifferent high frequency limits, and spectral averaging of

events would have to lIe based on weightings. I'or these' reasons spectra for events

ill tile Saine solrce region are iot averaged.

1.1.4 Path Spectra

rollowing the approach of BIchie 't al. (1985), we represent the noise

corrected spectra as pathu spectra, p(f). The square root of the noise corrected

spectrum is taken, then correcled for the amplitude response curve, l(f), and the

source, D(f):

Different models have been used in Ihe literature for source cortect Ilois, D(f).

Bachie e atl. (1986) aind Walck (1988) ise a Imiodel by Mueller and Murphy (1I971),

and Zhlu et al. (1989) use i model by Von Segg'tren and Blandford (1972). Both of

these models are niainly derived from observations at the Nevada test site. Their

vai(lity for the events studied here with regard to, for example, near source struc-

ture is unknown. l urthermore, there was no information available on parameters

like shot depth and yield for lie e::,losions in Table 1. Because of these uncertain-

ties we employ the somewhat siltpler mrioel of Von Seggern and Bllandford (1972)

1-11
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Ii~urt' 5. Standard dleviation of the ratio or estiaed and actual noise power spectra. The

estimated spectrum for the uipper ctirve Is based on one data window Immediately preceding

the data window for the dctual ioike. Standard I ianhiing taiwering was applied in the spectral

cdliitilos. Thle esatletd speorilu fo)r the lower utirvi' rep~resents an average or spectra

for five data windows immediately p~rce~ding~ the a('tai noise. Muiltiple window tapering

was applied In the calculations. The two ctirves Ilitistrate that the combined use of several

noise data windows and multiple windlow taveri,,v reduices thle standard (leviation In the
t'stimmv of the actual uise slisnificani lv.
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frt a franitic: source ine(iltini:

( A-'(:'ff flk)' 
I

1"hel parameters A=,I.08 and k=28.727fiW-1/ . The yield, W, is assumed to scale with
mi,(ISC) according to the linear relation m1,(ISC)=,4.55 i.O.7.1oglo(W estimated by Ver-
gino (1989). The i b - yield relation is based oil announced yield Information for
explosions in Eastern Kazakh. Reduced dlisplacemenit potentials calculated for this

model are shown in Figure 6 for the magnitude Irage m(IXSC)-4.5-6.0.

Due to the relation between nagnitu(le and corner frequency at high frequen-

cies, tile source tern can be sill)lified for events above a threshold mnagnitude,

The body magnitudes, mb(ISI) of the explosions in Table 1, are all equal to or

greater than 4.5. Bache el al. (1985) concluded (tat source corner frequency effects
are contaminating path spectra for 1'. Kazakh explosions below 2.5 l-z or so for

events with m,(ISC)>5.4. Bache et al. (1986) find that source corner effects can be
seen tip to 3 liz for the small explosions at l)egelen Mountain ( mb(lSC)=4.5). The

curves in Figure 6 for the model by Von Seggern and Blandford (1972) show source
corner effects around 5 lIz for mb(ISC).=4.5. This suggests that the path spectra

obtained with D(f)=1/f are valid at frequencles greater than about 5 llz.

For earthquakes, we use D(flA) /I. Table I includes estimates of seismic

moments. M, of the earthquakes (IIVRI) solutions published in the ISC Monthly bul-
letins). We assume a standard omega sqluare model for tie earthquake sources, i.e.,
M,,/( I !(f/fc)), with the corner frequtency 1, scalinlg with seismic moment as

f,-k.M,,-1/3. Using corner frequency and monent estimates for sonic 50 earth-
quakes in California, Turkey, and To ,a-Kernadec (Ilanks and Boore, 1984; Molnar
and Wyss, 1972), we normalize the constant k=(l,77.1016 )'P for ft,-.0 Hz. Accord-

ing to this corner-frequency model, the smallest seisutic moment of the earthquakes
studied would correspond to a corner frequency or 0.5 I Iz. This iweans that a

source correction of the form D(f)=11/*i would be sufficient for calculating path

spectra for these earthquakes.

Ilalapan

figure 7 shows the path spectra for six Balapan events that are compared with
the hybrid model estimated by Walck (1988) for Balapan. This model assumes that
the attenuation as a function of frequency. G(f), cani be written as:

G(fl-2p,[ 2.. )r ,
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lioure 6. F'ar field (lisplacenlewls as a hitnction (if fre(qiiency for an explosion source model
by Von St'ggern and Blanltorcl (1972) for ?fl1, beiw'ei 41.5-6.0. The curves are normalized to
I at 7.ero frequency to compare the relaive location, or overshot and corner frequency as a
ftinIlion of gouirce strengthi.
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SHAGAN RIVER
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Fijure 7. Path spectra for Ilalapan test site explosions. An attenuation model by Walck
(1988) Is drawn through the spectra at 5 liz, and a standard attenuation model V-0.14 Is
drawn In the lower part of the figure. I'he amplitude scale Is arbitrary since the spectra have
been shifted for clear display.
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with parameter valuies to=.0.6 s, T'm-0.05 s, I;=0.12 s, and r,-10000 s. Three of the
events (87/03/12, 87/04/17, and 87/06/20) were analyzed by Walck (1988) for the
NORESS array using data sampled at 40 samlples/s.

All path spectra follow G(f) fairly closely, I.e., p(ff).G(f), tip to some fre-
(ILenfcY between 13 and 15 lIz. Ilowever, beyond 13-15 Hz they drop off faster than
G(f), i.e., p(f)<G(f). Clear differences among the path spectra can also be noted.
The data for two of the events (87/12/13 and 87/12/27) closely follow the hybrid
model up to 15 iHz, above which the attenuation increases significantly compared to
the extrapolated curve for the hybrid model. Both spectra have significant energy
up to and slightly above 20 1-z. The lata for two other events (87/04/17 and
88/02/13) also go up to about 20 lIz. These path spectra seem to decay a bit faster

than the hybrid model, df-<-9l'; but they, like the other pair of path spectra, also
df df4

drop in amplitude at around 15 Ilz. The remaining two events (87/03/12 and
87/06/20) contain significant eneroy up to altil 15 I lz; and they follow the hybrid
model up to around 13 I lz, above which they drop below the model.

The relative locations of the Balapan events.are shown in Figure 8. There is no
obvious correlation between shapes of the path spectra and location.

Degelen and Central Siberia

rigure 9 shows spectra for two Degelen events and three Central Siberian
events. These events were also analyzed by Walck (1988) and Walck (1989) using
the NOR1ESS 40 -lz array data.

The estimated path spectra are compared with the hybrid model for Degelen
estimated by Walck (1988) (with parameter t1='=-0.6 s, r,=0.05 s, t-=0.12 s, and
TAI10000 s). The straight line corresponds to a simple attenuation model,
G(f),-exp(-rft') with slope t'=0.14, representing [he apparent t" value (Der et al..
1986).

Time data for tile two Degelen events are in reasonable agreement with Walck's
results and her estimated hybrid isodel. Ilowever, Ihe spectra here go up to 15 lz
compared to 13 Hz for Walck (1988).

Similarly the spectra for the the Centrail Siberian events go to somewhat higher
frequencies (13 compared to 12 IIz for Walck, 1989). l'urthermore, they seem to
decay somewhat less than predicted by a t C0.14 attenuation obtained by Walck
(1989). This may be due to the fact that different source models were used in cal-
ctilating the path spectra. The events are rather small ( Imb(lSC)5) and there may
be sorie source spectrum corner fr('(tqiency el'fet ti) to about 5 lIz.
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Figure 8. Relative locations of explosions in the ilalapan test site.
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igure 9. Plath spectra for two explosions in Mount Degelcn and three closely spaced explo-
sions In Central Siberia. An attenuation model by Walck (1988) Is drawn through the spectra
at S Il Iv, and a standard attenuation model V-.1 ~OlIis drawn In the lower part of the figure.
The amplitude scale Is arbitrary since the spectra have been shifted for clear display.
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Sinkia nyI-Kazaki.Ura ls-NORI..5 Traverse

"]'he paths for events at tile testinhg groinIds in S. Sintkiang, E. Kazakh, anlid the

two events In the Jral Mountains are almost at the same azimuth from NORI'.SS (f'(1l

tire 2.). The path spectra for these explosions are compared in Ig/1ure 10.

The hybrid model I)y Walck (1988) for Halapan is drawn for comparison

together with a standard attenuation niodel with 1'.-0.14.

The spectra of the two tral Mointains events are very similar and follow the
Walck hybrid model fairly closely in the band 3-14 liz, although they appear some-
what flatter than tihe model at rre(Iteicies below 10 Hz. It should be noted that the

Lral Mountain events are much smaller in magnitude and the source corrections
af)plied here may not be appropriate. The path :;pectrum for S. Sinkiang contains
nmuch less high fre(llelies than the Walck nodel. In fact, It seems to decay even
faster than an apparent t'.lI . Figure I I shows the raypaths in the crust and the
upper mantle from these sites to NORESS. The paths from Ural Mountains and E.
Kazakh bottom Just above the 600 and 1500 km ldiscontlnuitles, respectively; and
the path from Sinklang goes JUst underneath the 1500 km discontinuity. A Q model

by Der et al. (1986) has a low Q layer between 100 and 200 km (LVZ, in Figure II)
and a sharp increase of Q at 600 km depth. There is no obvious correlation

between this Q model and the fact that the path spectra for the Sinkiang event is
depleted In high frequency energy relative to those of the Ural Mountains and E.

Kazakh events.

Deep Earthquakes

Figure 12 shows path spectra for the deep earthquakes analyzed here. Most of

them contain significant energy: til) to 10 llz. Two events In the Se. of' Okhotsk
(m,(ISC)6.0) contain frequencies up to about 13 I lz. Most of the data follow a
t'=0.14 trend; however, but there is clear variations around this trend in the path
spectra.

Shallow Earthquakes

The three shallow earthquakes (m(ISC),,z5.5-6.2) In Figure 13 contain signifi-
cant Ire(lutencles Il) to about 8 l1lz, but the spectra show quite a hit or variation
around the attenuation t -O. 14.
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rIuire 10. Path spectra for ihe traverse: SlI1klita,,,!.Ka.zakh.Itral Mountains. NOR.SS. All
alt einallon model by Walck (1988) Is drawn thrtligh Ihw spectra at 5 lIz, and a standard

atienuation model .=0.14 Is drawn in the lower part of the figure. "The amplitude scale Is
arbitrary since the spectra have been shlted for clear lisplay.
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Mountains- NORESS. Major dliscontinu~ities are indlicated at 100-200 (m1arked LV?. and low Q
27ofl according to I)er et al., 1986), 600 and(I 1S00 km.



Deep Focus Events
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Figure 12. Path spectra for deep focus earthqIuakes. A standard attenuation model t =0.14

is dirawn through the spectrau at 5 Itz. The amplittidc scale is arbitrary since the spectra have
been shifted for clear display.
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Shallow Earthquakes
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Figure 1J. [lath spectra of some shallow earthwiakes. A standard attenuiation modlel
t =0.14 Is drawn through the spectra at 5 tIz. The amplitude scale is arbitrary since the
spectra have been shifted for clear display.
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Regional Distances

Figure 14 shows path spectra for events at distances less than 300. Thle explo-
sion spectra have been correctedl for sour*ce by the Von Seggern and Biandford
(1972) miodel, and the earthquake spectrumt has benu nlultiled by a factor of f2.

Trhe events in thie Ural Mountains show much less attenuiation than the other
events, which approximately follow a simple t*=O.14 model.

PKII phases

Figure 15 shows the path spectra for two dleep focus events south of the Fiji
Islands ( M(ISC),,=4.9 and 5.4) at an epicentral distance of 143.90. There Is signifi-
cant energy. Lip to alumost 10 lz. i'or the larger or thle two events.

1. 1.5 Discussion

'Fhe path spectra for the E. Kazakh events are strikingly different from those of
other events at teleseismic dlistances. They have thle highest upper frequency limits.
between 15-20 1lIz.

The uipper limit of thle amplituide spectrum i-s, of course, to some extent depen-
dent oti the prevailing seismic noise level. which varies significantly In a cyclic
manner with time. This is illuistrated b~y Figure 16, which shows the range of varia-
tion of noise power for the data studied here. E. Kazakh explosions are usually set
off early in the morning, local NORESS time, whent the noise level Is low.

The E. Kazakh spectra, however, appear exceptional not only with regard to
uipper freqjuenicy limits, hut more importantly with regard to shape. They have
mutch less amplitude decay with frequency than those of other events at teleseismic
diistances.

* The path spectra of the two Ural Mountain explosions at regional distance and
ait virtually the samne backazimuth as tile 1.. Kazakh explosions are quite similar to
thle L. Kazakh spectra. For the Sinkiang explosion, also at the same backazimuth but
with path lengths greater than thle E. Kazakh events, an apparent significant deple-
tion of high frequency energy in thle path spectrum is observed. One might specu-
late that a high Q zone extends from NORIESS to, and perhaps somewhat beyond, E.
Kazakh. It should be noted, however, that the Uiral Mountain path spectra are highly
dlependent onl the assumptions of the source spectra corrections -bec ause of lte
smuall explosion sizes. The senisitivity of pathi spectra to assumptions'abottsourc e
spectra is illustrated by resuilts for tfie thlree Central Siberia n explosions. The path
spectra by Walck (1989) using the source funictions of Mueller and Murphy (1971)
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FoIoure 14. Path spectra for some events at regional distances (i.e., less than 30'). A stan-

dard attenuation model t =0.14 Is drawn thro gh the spectra at 5 liz. The amplitude scale
is arbitrary since the spectra have been shifted for clear display.
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PKP-South of Fiji Islands
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liigure 15. Path spectra for PKII phases. A standard attentuation "iodel t =0.14 is drawn
through the spectra at 5 liz. The amplitttde scale is arbitray since the spectra have been

shifted for clear display.
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Figure 16. Range of variation for noise power spectra for the data studied here. Thie lower
and upper curves represent minimum and maximium power taken over all individual spectra.
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closely follow the standard model, .O.14, whereas the spectra obtained here with
the source function of' Von Seggern and Blan(iford (1972) appear to be attenuated
less than the standard model.

1he anomalous spectral enrichmient of 1. Kazakh path spectra have been
pointed out earlier. Bache ct al. (1985) found that the high frequency attenuation
in recordings at NORSAR for E.. Kazakh events were quite different from that in
recordings at UK arrays. They suggested that characteristics of the near receiver
portion of the path to NORSAR must be important and that the difference for the
NORSAR path appeared to be associated with some difference in the contribution of
scattering to attenuation of the initial P-wave.

Walck (1989) argues, however, on the basis of the differences in

NORESS/NORSAR and in UK recordings of 1-. Kazakh events that a region of low
attenuation can not he located near the source region and that one could not
further constrain its location along the remainder of the path between Eastern

Kazakh and NORESS.
0

Walck (1989) goes on to conclude from an estimated 'normal' (i.e., t =0.14)

shield attenuation for the path from Central Siberia to NORESS that since change in

source region produces dramatically different path spectra at NORESS, the receiver
structure immediately beneath NORESS and NORSAR is probably not responsible for
the anomalous attenuation behavior for the F. Kazakh - NORESS path, and that a
high Q zone must he located elsewhere along the path.

The study of Q is in its infancy, and results on its variation with frequency and
its radial and lateral variations are afflicted with considerable uncertainties (Ander-

son, 1989). Der el al. (1986) obtain t values from a tentative Q-model for the
shield areas of Eurasia at a distance of 600 that vary between 0.11-0.21 in the fre-
quency band 1-10 lz. Several of the path spectra decay largely like t =0.14 regard-
less of epicentral distance, at least iii the teleseismic window. This is in qualitative
agreement with the results of Der el al. (1986) atid with Q increasing with depth.

Even if the path spectra for several events of different source types decay

largely like i =0.14. the decay is often over-written l)y significant undulations.
Some or most of this undulation may l)e due to the fact that the simplistic source
models used to construct the path spectra do not adequately represent the actual
source spectra. This means that the calculated path spectra are over-printed by
source effects that may not readily he removed. This may make it difficult to apply
source IIIodels that are smooth as a function of frequency to estimate source scal-
ing laws.
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1.1.6 Concluding Comments

In this note we determine tipper frequency limits of spectra for P.waves travel-
ing over teleseismic paths. Data recorded at the high frequency element of the
NORESS mini-array are analyzed from 33 seismic events in various regions and of
different source types.

The high frequency data and the procedure to estimate spectra using multiple
window tapering in combination with multi sample noise corrections employed here
seem to extend the upper frequency limit of the path spectra somewhat compared
to conventional tapering and noise corrections applied to "low" frequency array

(lata.

The P-wave spectra have tipper frequency limits between 5 and 20 iHz. This
limit is, to some extent. dependent on Ile seismic noise that varies considerably
with daily and weekly cycles. The highest upper limits, around 20 liz., were
obtained from some large explosions in E. Kazakh. Central Siberian explosions and
deep earthquakes in the Sea of Okhotsk had upper limits of about 13 Hz, and
energy up to 10 Hz was detected for several other paths from deep earthquakes.

Spectra shaped by the path are constructed by correcting for instrument

response and for source effects. Such path spectra for explosions at the Balapan

test site area follow earlier proposed attenuation models fairly closely up to the
upper limit of 15 H-hz. In the 15-20 Ilz band, however, the attenuation of the Balapan
path spectra is higher thai would be expected front extrapolation of the models
beyond 15 Hz. This illustrates that extrapolation outside the frequency band of
actual recording may give misleading results. Actual observations at high frequen-
cies are important in assessing the value of high frequency data for seismic verifi-
cation.

Path spectra for other teleseismic paths ( 30.-90') are reduced as a function of

frequency according to a staii(lard attenuation model with apparent t =0.14.

The reduction of these path spectra is, however, often over-written by a signi-
ficant undulation. Some or most of this uultation may be due to the fact that sim-
ple smooth source models were used to construct the path spectra. This undulation

may not, therefore, be easily removed.

Hans Israelsson
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2.1 ESTIMATING CHARACTERISTICS OF RIPPLE-FIRED EXPLOSIONS

2.1.1 Introduction

Identifying large numbers of chemical explosions for mining and other indus-
trial purposes presents a major challenge to seismic verification systems operating
in the low magnitude range: 2.0-2.5. In a study of mine blast activity, Richards et al.
(1990) estimated that in 1987 there were about 15,000 chemical explosions in the
U.S., virtually all ipple-fired. with charges larger than 50 tons. The data in Figure 1,
showing ML magnitudes and explosion charge for some ripple-fired explosions in

Scandinavia, indicate that magni.udes between 2-2.5, indeed, correspond to charges
of 50-100 tons.

Some methods of identifying ripple-fired explosions draw upon the assump-
tion of equal time delays between successive blasts in a ripple-fire. In theory, spec-
tra of recorded signals will then be overprinted by a modulation pattern that

should be easily observed and that directly relates to the time delay between blasts
(see e.g., Baumgardt, 1988). Case stucli.s with these methods have, so far, been lim-
ited to small numbers of events compared to the scale of the overall activity of

chemical explosions (Baumgardt, 1988; Smith, 1989; Hedlin et al., 1989; Kim et al.,
1990). Furthermore, these studies appear to have had mixed success in observing

any spectral modulation effects. In some cases, accurate and independent informa-

tion on the characteristics of the mining explosions is not available to confirm con-
clusions from observed spectral modulation.

In this note we discuss the deteriorating effect on spectral modulation that
scatter in delay times between successive blasts of a ripple-fired explosion may

have. The study is based on actual observatio:ns of scatter in time delays of some
explosive detonators used by the mining industry. In addition we present a method

attempting to estimating the autocorrelation for the modulation function of an ideal

ripple-fired explosion, i.e., having no or negligible errors in time delays. This some-
what novel approach allows an estimate of not only the delay time between shots,
but also the number of shots of the explosion.

2.1.2 Deterioration Of Modulation Function With Scatter in Delay Times

The standard model for the source function of a ripple-fired explosion, x(t),

consisting of N equal explosions delayed by the iltelvail, T, assumes that it can be
written as:

N--I

x(t)-. s(t-k'
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Here s(t) is tile source function for each individual explosion. By applying the
Fourier transform to the source function for the total ripple-fired explosion, tile
sou rce function for an individual explosion and a modulation function are
Sep)arated:

X(jWo)L-S(jWo).MOj().

The Fourier transform of the modulation function, M(jw), can in turn be represented
as:

N--I
M~(P) ! exp(-j-wkT-,).

If we assume that there is a scatter in the delay time, Tk, for shot k, we can write:
Tk=kT-l-+-k, where the error term (k is assumed to be normally distributed with zero
mean and standard deviation 9k. The detonators of a ripple-fired explosion go off
independently and (k are therefore independent (Fauske, 1990). Moreover, it is rea-
sonable to assume that the standard deviation increases linearly with shot number
(Fauske, 1990 and Stump and Reamer, 1990), e.g., ,A=0 0+k.,I. The average value
(expectation operator) of each exponential term in the sum that makes up the
l'ourier transform of the modulation function, M(jw) is:

E.[exp(-j.ow.(k-.[l.k))]==exp)(-j.wJ.T-k- "0 2"( r0 l-kaIt)').

It is not obvious how to reduce the expression for the average of the power spec-
trum of the modulation function into a simple analytical form because k, the shot
number, is quadratic. However, the average of the power spectrum of the modula-
tion function, M(jw,)-M*(jw), can be written in a simple closed form if 71=0 (Israels-
son, 1990).

Data on Scatter in Delays

Estimates of the standard deviation, 17k, as a function of shot number have
been given for some detonators used on the Norwegian market by Fauske (1990).
Examples of these estimates are shown in 'igure 2, where the standard deviation is
plotted as a function of percent of the delay time, r, for millisecond ( r=25 ms) and
Cluarter second (r=250ms) detonators. [or example, this means that for the 25 ins
delay times the standard deviation increases from about 2 to 6 ms for shot numbers
k-. and k=20, respectively.

These detonators are used for no more than 25 intervals, i.e., k<25, and the
standard deviations are clearly within the requirement, ak<r/ 3 , that such detonators
are supposed to meet (Fauske, 1990). rhis requirement would avoid successive
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shots) as a function of shot number (after I,mske, 1990).
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shots being fired almost simultaneously at a 1.5 a level (or . 93 %). ror comparison,
it can be noted that according to Hedlin et al. (1989), deviations between actual and

intended delay times could be as high as 34% of the delay time between shots for
some cJuarries in the Eastern U.S.

Examples of Modulaltion Functions

Dahle et al. (1989) have compiled a idatabase with information on ripple-fired

explosions in Fennoscandia including delay times between individual shots and
their charges. Figure 3 illustrates schematically the delays and charges for a

ripple-fired explosion in this datahase (at Dala Kalk AB in Sweden, open pit near
latitude 60.62N and longitude 15.1l'). It consists of five shots with 25 ins delay
time; the charges of the two first shots are about one third of the three last shots.

The modulation function for this rippled fired explosion, assuming no scatter

in delay times, is drawn as a heavy line in Figure 4 together with results from simu-

lations assuming scatter with a standard deviation increasing linearly with shot
number in accordance with the data in Figure 2. The average curve represents a
mean of 1000 simulated modulation functions using a normal random number gen-
erator to add errors to the time delays of individually simulated modulation func-
tions. The estimated average of the modulation curve shows a significantly reduced

second peak around 80 Hz and a generally increased amplitude level at higher fre-

quencies coma.pared to the ideal case with no errors. More important, perhaps, is the
,arge standard deviation of the average curve. This effect is more clearly demon-
strated by the variation in the 10 simulated modulation functions in rigure 5. There
is dramatic variation among the simulated modulation functions which also differ

significantly from the theoretical modulation function having no scatter in the dela
times (heavy line in Figure 4).

The curves in Figure 5 clearly illustrate that significant scatter in the deiay
times may also hamper the identification of ripple-fired explosions using methods
based on the detection of a spetral modulation pattern.

2.1.3 Number of Explosions From Autocorrelation of Modulation Function

Most methods to identify ripple-fired explosions that have recently been sug-
gested attempt to detect modulation or scalloping of the frequency spectrum of

one or more recorded phases (Baumgardt, 1988). As mentioned earlier, spectral

scalloping can be directly related to the time delay between successive shots of the

ripple-fire, but does not provide direct information on the number of shots. lere
we discuss the possibility of estimating both delay time and number of shots.
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MODULATION FUNCTIONS
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Figure 4. Modulation functions for ripple-fired explosion defined in Figure 3. The
heavy line (circles) represents no errors in delay times. The average curve (thin
line) and associated ones with ± one standard deviations (crosses) are for errors in
time delays with standard deviations according to Figure 2.
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As shown above, the l'ourier transform of the modulation function of a ripple-
fired explosion can l)e represented as:

N--IM (12) L-/, t) exp (--j .0kr).i

We assume no or negligible errors in the delay times. The inverse Fourier

transform of the power spectrum of the modulation function which is equal to the
autocorrelation, can be written in the form:

N-I

k 0o

This is a series of spikes delayed by r s and with decreasing amplitude from N to 1.

We may assume that the recording, r(l), --of a phase or the entire wave train--

for a ripple-fired explosion is the modulation function, m(t), convolved with

another term:

r(t)=rn(t)*v(t).

The term v(t) takes into account the source function of Individual shots, path
effects, and instrument response by convolution.

We use a heavily smoothed power spectrum of the recorded signal, r(t), as an
estimate of the power spectrum for the term v(t). The smoothing is obtained by a
standar(l running average technique. This means that:

"0 ~R)-:- - R- ) ) w

is an estimate (indicated with a hat) of the power spectrum of the modulation func-
tion. By taking the inverse Fourier transform of this ratio, we get an estimate of the

autocorrelation of the modulation function, which should ideally consist of a series
of spikes, delayed by T and with linearly decreasing amplitudes.

Test on Synthetic Data

Figure 6 shows an eslimate of the autocorrelation of the modulation function
for a synthetic example. The recording at the NRDC station KKL of a single chemi-
cal explosion (top trace) has been used to generate a signal consisting of five explo-

sions with delay time 124 ms by just delaying and adding five copies of the record-
ing for the single explosion (middle trace). This synthetically generated "ripple-

fired" explosion trace has a somewhat larger P coda than the recording for the sin-
gle explosion. The autocorrelation for the modulation function at the bottom trace
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Figure 6. Synthetic example illustrating the (Oniputation of the autocorrelatiou

function for the modulation flction. 'he upper trace is a recording for a single

chemical explosion in 1'. Kazakhstan at the NRI)( station NRKK In Karkaralinsk. Tie

middle trace was obtained by adding five copies of the top trace and successively

delayed 124 ns; the saml)luing rate of the data is 250 liz. The bottom trace is the

estiminted an Iocorrelatiol (d lie moduli ion function showing four clear spikes,

with elay% of about 124 ins. after tl iniitial h re amnplitude.
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shows four clear spikes after the zero-delayed initial large spike. Experiments
using this recording of the single chemical explosion with different delays and
numbers of explosions gave similar results.

Examples with real data

The autocorrelation for the modulation function estimated for two presumed
ripple-fired explosions, one recorded at the NRDC station NRKK in Karkaralinsk and
the other at the high frequency element of the NORISS array, are shown in Figure 7.
In both cases, clear trains of spike-like pulses following the initial large amplitude
(at zero delay) can be seen. The number of spikes and estimated delay times are
indicated in the figure. At this point in time, however, no independent information

is available on the characteristics of these presumed ripple-fired explosions to ver-
ify the estimates on delay times and number of shots.

2.1.4 Acknowledgements
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MODULATION FUNCTIONS
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Figure 7. Estimated autocorrelations of the modulation function for two presumed
ripple-fired explosions. The top trace is for recordings at the NRDC station NRKK at
Karkaralinsk and the bottom is for reccrdings at the high frequency element of the
NORESS array. The number of spikes and their successive delay, Indicated in the

figure, are used to estimate the umlber of shots and time intervals between shots.
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3.1 SLOWNESS ESTIMATION WITH INTERPOLATED NORESS DATA

ABSTRACT

In this note we explore the potential of using the NORESS mini-array to locate
large teleseismic events with data resampled to very high frequencies (I kHz). P-

wave recordings from 15 explosions at the Balapan test site in E. Kazakh between

1984 and 1988 were analyzed. Time delays between array elements of the initial P-
waves are determined to the nearest is by interpolation of waveform data and

cross correlation. The time delay patterns for closely spaced events show high

repeatability and correlate to some degree with element elevation. The smallest

standard deviations in azimuth and slowness estimated from the time delays ( 0.26
. and 0.7 ms/degree respectively) are obtained only if the data from the outer ring
are use(l. "the standard deviations for azimuth and slowness from f- k analysis of

the same data were 1.45 * and 1.9 ins/kin. respectively. The average P-wave velocity
below the NORESS array is estimated to be 6.1 km ± 0.7 km by fitting time delays to

a three-dimensional plane wavefront. Time residuals for the array elements from

the estimated plane range between ± 10 ins. These residuals can be used to define

the shape of the wavefront of the initial P-wave. They outline a smooth surface that

deviates from a plane by about two percent over one wavelength. The shape of this

smooth surface is highly repeatable for all Balapan events, but the surfaces for
events in the southwestern and northeastern portions of the test site appear to be

tilted about 2 * relative to one another, which is about four times the theoretical

value.

3.1.1 Introduction

In this note we explore the potential of the NORESS mini-array for epicenter
locations of large teleseismic events using data resampled to very high frequencies
(I kHz). The scatter in azimuth and slowness estimates of large underground

nuclear explosions at the E. Kazakh testing grounds are studied using precise deter-
minations of time delays between array elements. This approach makes it possible
to relate possible errors in azimuth and slowness estimates to anomalies at indivi-
dual array elements.

3.1.2 Data

Table I lists source parameters, reported by the ISC, of the explosions in E.
Kazakh for which recordings at NORESS were analyzed. The epicentral distance
between the E. Kazakh testing grounds and NORESS is about 38 o. The events were
all located in the Balapan area and had magnitudes in the range m,(ISC)=5.5-6.2.
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rABLE 1

EVENT SOURCE PARAMETERS (ISC)
Date Time [.at(N) Long(E) mb

1984 Oct 27 1:50:10.6 49.95 78.83 6.2
1984 Dec 2 3:19:06.3 49.95 79.03 5.9
1984 Dec 16 3:55:05.1 49.88 78.82 6.1
1984 Dec 28 3:50:10.7 49.86 78.75 6.0
1985 Feb 10 3:27:07.6 49.88 78.82 5.9
1985 Apr 25 0:57-06.5 49.88 78.69 5.9
1985 Jun 15 0:57:00.7 49.85 78.87 6.1
1985 Jun 30 2:39:02.7 49.84 78.69 6.0
1985 Jul 20 0:53:14.5 49.95 78.83 6.0
1987* Mar 12 1:57:17.0 49.90 78.83 5.5
1987" Apr 17 1:03:08.2 49.84 78.67 6.0
1987 Aug 2 0:58:06.8 49.88 78.92 5.9
1987 Nov 15 3:31:06.7 49.84 78.77 6.1
1988 Nov 12 3:30:03.7 50.08 78.99 6.0
1988 Dec 17 4:18:06.9 49.89 78.93 6.0

Data for events marked with were found to be Sj)Urious and were not used in the
analysis.
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The relative locations of the events are shown in Figure 1. There are 13 events
southwest of the fault marked on the map, and 2 events to the northeast. Observa-
tions of P-waveforms at the UK airays (Marshall ct al., 1985), of P-wave amplitudes

and Lg measurements at NORESS (Ringlal and llokland, 1987), and of Lg measure-
ments at Grafenberg (Ringdal and l'yen, 1988) suggest that these two areas are
characterized by different geophysical properties.

Waveform data recorded for the events were retrieved from the databases at
the Center for Seismic Studies. Only data recorded at the short period vertical com-

ponents (in all 25) were used. The coordinates ( x,,yi,z) of the elements of the
NORESS array relatve to the center element NRAO are listed in Table 2. The data
were originally sampled at 25 ins intervals, which corresponds to about 10 percent
of the time it takes a plane P wavefront from an E. Kazakh event to cross the
NORESS array.

Typical unfiltered traces of P-wave signals are shown in Figure 2. All signals
are of short duration and have a very high signal-to-noise ratio. Their amplitude

spectra are also sharply peaked around 2 tiz. Because of these characteristics the
signal processing for this study was based on unfiltered records.

3.1.3 Estimation of Time Delays

Data windows were chosen manually for each signal. The beginning of the
window was about 0.15 s prior to the pick of the P-onset at the center element of
the array (NRAO), and the end of the window was set just after the first zero cross-
ing of the first significant peaks. The lengths of the data windows varied between
1.6 - 2.7 s for the events, i.e., (he number of data points, J, varied between 64 and
108.

High Frequency Interpolation

The time resolution of the originally recorded data (25 ins between successive
samples) was improved by interpolation to 1 ms between samples. Standard cubic
splines were used to interpolate the data. The value of s(t) for a time t between
sampled values j.At and (j+1).At was obtained from:

s (t)=:A'sU(At).! B's (Ut. l)A t)-i C-'Y..D' Yj I

with

A =Oj + I])-A t--t/A I

B=I-A
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TABLE 2.

ARRAY CO-ORDINATES AND ELEMENT CORRECTIONS

Station Coordinates (kin) Correction(s)

Code x y z Mean Std

NRA0 0.000 0.000 0.000 -0.0002 0.0015

NRAI 0.045 0.142 -0.011 -0.0008 0.0006

NRA2 0.104 -0.108 0.009 0.0020 0.0016

NRA3 -0.146 -0.034 -0.006 -0.0034 0.0013

NRBI 0.066 0.318 -0.003 -0.0020 0.0004

NRB2 0.331 0.025 0.013 0.0072 0.0009

NRB3 0.139 -0.302 0.012 -0.0002 0.0017

NRB4 -0.233 -0.222 -0.003 -0.0065 0.0008

NRB5 -0.276 0.158 -0.013 -0.0041 0.0008

NRCI 0.106 0.683 -0.003 -0.0005 0.0017

NRC2 0.599 0.337 0.037 0.0092 0.0008

NRC3 0.643 -0.241 0.050 0.0165 0.0012

NRC4 0.204 -0.661 0.009 -0.0101 0.0014

NRC5 -0.400 -0.571 -0.003 -0.0143 0.0005

NRC6 -0.692 -0.053 0.001 -0.0079 0.0010

NRC7 -0.451 0.544 -0.027 -0.0087 0.0015

NRDI 0.189 1.477 0.003 0.0104 0.0013

NRD2 1.094 1.010 0.070 0.0188 0.0009

NRD3 1.489 0.072 0.151 0.0313 0.0032

NRD4 1.186 -0.905 0.077 0.0136 0.0009

NRD5 0.331 -1.454 0.046 -0.0177 0.0010

NRD6 -0.684 -1.331 0.050 -0.0183 0.0010

NRD7 -1.371 -0.568 0.035 -0.0106 0.0008

NRD8 -1.341 0.411 -0.001 -0.0008 0.0023

NRD9 -0.806 1.254 -0.024 -0.0030 0.0007
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S(A3 -.AIAt?

*Dz=! (B3..I? At2

and the "second derivatives", Yj, derived from the equations:
A/6(Y_, +4,,Y~)Y .,- jY- j-

Subroutines by Press et al. (1986) were employed for the computations. The values

of Y, and Y were set to 0, giving tile natural cubic spline, which has zero derivative

on both end points. A five percent cosine taper was applied to the resampled data

window. An example of interpolated values is given in Figure 3.

Waveform Correlation

For each event, k, we obtained time delays, rij, of the P-wave between array

elements i and j from the cross correlation function, PIk, calculated for the Interpo-

lated and tapered data. The Pijj was calculated in a straightforward manner using

FFTs to increase computational speed.

The time delay, Tijk, is defined by the time-shift, u, that maximizes the cross

correlation, i.e., ptjk(Ttk) pujk(U) for all u. This means that the time delays were deter-

mined to the nearest is.

The maximum values of the cross correlation functions, i.e., p,,k(Tyk) are plotted

in Figure 4 against distance (see Table 2):

There is large scatter in the data, but /i0 is rarely <0.95.

Delays were calculated for all combinations of array element pairs, i=1.n and

j=l,...,n for each event. (For events with data from 25 channels, i.e., n=25, the

number of combinations is 300).

Figure 5 shows the traces aligned for two of the events using delays deter-

mined from this procedure.

3.1.4 Analysis of Time Delays

Since we were primarily interested in using the estimated time delays to make
precise epicenter determinations, the rik were initially compared to those calculated

from a theoretical model (P-tables of Jeffreys-Bullen). We therefore assumed that
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MAXIMUM CORRELATION VALUES
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Figure 4. MaXIMum11 correlation values against dlistance, d, between element pairs for
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sion, and exp(-d1/10) (from Pg data, Mykkeltveit et al., 1983) are drawni for corn-

rparison.
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rigure 5. Traces aligned from timne delays determined to the nearest nms, for events
on Aug 2 1987 and] Dec 17 1988.
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tile observed time delay, Tijk, between array elements i and j for event k could be
written as:

ro -- - 'Pli, k - Cjk -1 ,jk.-

The theoretical horizontal slowness vector, Pk, is given by:

pk=(pk'si n((k), Pk'COS(,k)),

where the scalar value of the slowness, Pk, was calculated from the travel time
tables, and the back-azimuth, Ok, was calculated relative to the center point, NRAO,
of NORESS from the epicentral coordinates reported by ISC (see Table 1). The ver-
tor T is defined by the relative coordinates of the two array elements (see Table 2):

T,j=(xi-Xj', -Yj).

The terms Cik for array element i ( i=1,2,..., n) are called element corrections and
are analogous to station corrections of travel times for seismological station net-
works. The error terms Oj were assumed to be Gaussian with zero mean and stan-
dard deviation aOk. We also assumed the (jk to be independent.

Estimates of Element Corrections

ror each event, k, one can estimate the element corrections c, from a least
squares fit to tile equations (in all 301):

Ck-Cjk=T-rijk- ijPk i= 1,2.....24; j=i,i+ 1 ..... 25

The average C,k is given by:

The ?ik averaged over five of the events (i.e., k=l....5) (all located in southwestern
Balapan) for which data were available for all elements of the array and the associ-
ated standard deviations, a(c,), are listed in Table 2. The estimated element correc-
tions were quite consistent from one event to another. This is reflected by the
small standard deviations: a(c,)<I ins foi 14 of the 25 elements and o(c)<2 ms for
all elements except NRD3 and NRD8.

The standard deviations of the errors (Ik were o'Ok=O.7ms, with virtually no
variation among events, k. The contribution in standard deviation due to rounding
error (1 ins) in the time delays is about 0.3 ins.
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Erroneous Data

Data for the events on Mar 12 and Apr 1.7. 1987, were not used to obtain the
average element corrections c.. Figure 6 shows tile residuals (c1k-i't) for these two
events for array elements i. A clear offset in clk of 25 ms can be seen for several of
the elements for the event on Mar 12 and for one element for the event on Apr 17.
The source of these apparent sampling errors is not known, and the data for these
two events are omitted in the subsequent analysis. The data for all events were
processed with identical procedures. It seems, therefore, unlikely that the errors
are due to software errors since sampling errors of this kind were detected only for
2 of the 15 events.

Effect of Elevation

The NORESS array Is not perfectly horizontal. Elevations for the array ele-
ments available at the Center for Seismic Studies (cf. z-coordinates in Table 2) vary
by 178 m. Assuming a velocity a=6.0 km/s in the surface medium, this corresponds
to a time delay of ahout 25 ms for a plane P wavefront from E. Kazakh. This in turn
is about 10% of the time it takes a wavefront to cross the array horizontally. For
more distant events the effect of varying surface elevation will be more pro-
nounced.

Figure 7 shows the element corrections Z-, as a function of elevation, zi. A line

c.z-p, with the vertical slowness pz---0.183 s/kn ( p'.fl/,2-p2r' ) is drawn for

comparison. There is some correlation in the data. The element NRD3 at the
highest point of the array has the largest correction, 31 ins. The corrections for
some other elements at high elevations are also significant. From the data in Table
2, it can be seen that the element NRD3 (at the highest point of the array) also has
the largest standard deviation of its estimated element correction, c(c), among the
elements (see Table 2).

Factors other than elevation clearly influence the element corrections, as indi-
cated by the five outlying data points in Figure 7. in Figure 8 the corrections are
plotted as a function of relative horizontal location of the elements. A correction
for delay due to elevation, z,.p, with the vertical slowness p,=0.183 s/kin, has been
applied to the cl. - values. Positive and negative corrections are separated by a line
running in the northwest-southeast direction. There is no apparent correlation with
the local surface geology, some features'of which are also indicated in the figure.

Scatter in Azimuth and Slowness Estimates

We have looked at time delays among elements relative to values calculated
from theoretical slowness and azimuth valucs. The reverse problem of estimating
slowness and azimuth is of more pralical interest. Such estimates can be obtained
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ini a si raigiforward maniner by f'itnig the tinec delays to those of' a plane wave-
Irlon t. B~ecauise of tile signi fficanit valuets of' thle 'lelient corrections, q, such esti-
mittes will, Ii all li kel ihool, lie biased. I lowev(' r, by stibt racting [lhe estimated ele-
ti)Cil corrections t:, from M le ob)served Himlil delays Tijk, tinIlaisCe (est imateCs "lay be
oh ta ilned. Thlat is to saly, we can est imatec thle comnponents of thle slowniess vector.

PA 1 p.,m) f'or evetit k f'rom it least sItiairvs fitI to( the equat ions:

rky . TyjA 6'r~ I 1..n : J-l+ !,....,n

I's IiiidIes or azinillt it. ',Ik, 1111d SIleSS, pk, F( are) obll iecii I lie ustial manner:

ilk %4 1'vlJ.

Errors in azimuthi andl slowniess are clef iiied ats ille (differenice between estimated
valties and those calculated from the .leffreys-Brtilleni travel tfime model and the
coordlinates reported by thme ISC:

The quality of Such ti II.iased estmaties may i lien he decscribed by standard
deviations. of' Ihle errors, a(A'A1) miid a-(.AX',), For t[lie events. The element corrections
est i ialed f'roi datta of five of tile evenits in t lie soil iwesterni part of the Balapan
test site are( applied to ille time dlelays f'or all events. As tile estimates of element
c-orrectionis for NRI)3 and( NRI)8 have large standard deviations, time delays lnvolv-
ii ig tose elements were onmitIted inl thle es timat ion.

We estimated the slowness and azimutth for each ring of the array separately.
Estimiates fromn, for example, the B1-ring were thus based oil timle dlelays among the
elemewnts NRB I. NRB2, NIM3, NRI34, and NRBS. TUhe I I events Ini the southwestern
part of' Balapan were analyzed first. l7gur-es 5) and 10 show the staidard deviation
Of thle azimiuthi allid slowness errors. respectively, f'or thle four rings. The standard
cleviat ion in azimti th is reduced front jutis below 'L.0* for tile A-ring to 0.26* for tile
I)- i ig. Thle Standard deviationl ill I lie theoretical azimutth for thlese I I events is
0.08". The standard deviation inl slowness is redticed in at similar way from approxi-
vmately 0.004 s/kmn to 0.0007 s/kin. T[he smallest standard deviation In slowness
corresponds to a standard deviatioui in estimiated epicenitral distance of about 1.45".
It call be nioted that the standard deviations for the entire array (except elements
NRI)3 and NRI)8) are somewhat larger t han t hose for thie fl-ring. Trhis me~ans tht
ili. e st resu Its I'm. es I mai ngip slowness ;,ntI tzi nit ii of i his igroupl of:eventis Is

olwaineed from relative tiumie dielays ol'7 of' I lie 25 elements of tile array.
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ligulre 11 shows the azinlitlth (,rror as a fit ti)ni of tlicoretical azlintith for the
D-ring estimates. We have I iclule(i tle (lala for IIe two events In the northeastern
Balapan. These tw() (ata l)oiniis aIl il the lower left corner of the dJagram, which
corresponds to a shift of 1.7' f'or a change in theoretical azlmuth of about only 0.3.
This shift in azimuiith is caused )y shifts In the element corrections, Clk, for the two

northeastern Balapan events relative tlie ite average corrections, ?., for the
southwestern Balapan eveits. lI lure 12 shows the residuals, Cik-C,, for the two

(vweits. Positive, and negalive shifts of, aboutl 5 ils cani be noticel.

Comparison withi /'--k analysis

For tile sake of comparison. azinitith an( slowness values were also calculated
using f-k analysis, which has berone a standard processing techniques for small
aperture seismic arrays. The algorillin hased on )roa(d band f-k analysis at the
Center for Seismic Studies was emtl)hoye(i for tis purpose. Data for all elements
were used (except for channels with spurious data). The f-k analysis was applied
to the same data win(lows as used il the correlation analysis here. The standard
deviations in the aziniuili and slowness errors for the 11 events in the
southwestern part of the Balapan test site were 1.450 and 0.0019 s/ki, respectively.
This azimuth error is comparal)le to that of the B-ring data and about five times the
It-ring error in Figure 9.

Planarity of the wavefront

Up to this point we have colil)ared the iie delays with values corresponding
to a plane wavefront derived frion a theoretical velocity model. The time (lelays can,
of course, also be used to estimate the slowness and azimuth of a plane wavefront

without applying any element corrections. Such estimates will in all likelihood be
biased, but it is of some interest to see how well the time delays fit those of an

estimated plane wavefront.

Because of the (iflerences ill elevalioln ainolli,, lile array elemeiits. we estimate

the coml)onents of a three dimensional sl()wn(ss veC1or (Pk-=(pAkPy,.r,P)) for event
k from a least squares fit to the time delays:

T.Pk= ijk (I-! ,....n- I; j-i+ 1..,n)

Errors in the estimated values )r aziitittl antd horizontal slowness, i.e.,

atan(p1/pr) and / for the II events at southwestern Balapan were 6.28 .a
0.80' and -0.0088 :1: 0.0014 s/kin, respectively. TFhe vertical slowness p, Is related

to the surface P-wave velocity, ,v, and the horizontal slowness by:
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Est imatedl meall and standard dleviat ionis of' it from t his relation for the I1I
soLII itwestIer I'lBalapan (ell Is were 61.1 1.0.7 kmi/s.

I'le r'eSiduals, Ca., Fr-om the( estimiatedI pliutie waiverront at clement i for event k
can b~e estimated ill a way simitilar toC the elemiiet corrections above:

here 1)k rep~resent the 3-dimnensional slowiess vector already estimated from tile
time delays.

The average residuial for thle I I events ill sotit Iwestetil lalapan has a standard
dleviat ion of u(cj.)-4.5 ms. lti compllarison, thle standard (deviation for data estimated
by fitting a plane wave with only a hlorizontal slowness, L~e., only prand p. com-
ponents of P, was 6.3 Ins.

Average residuals for lte I I events Ii the southwestern part of lialapan, which
range between -10 to 10 ins, are showni as a function of horizontal location In Fig-
tire 13 in a perspective diagramn. If the velocity below NORESS is about 6 km/s, this
corresponds to an undulation of about 60 in of the wavefront over a horizontal dis-
tance of abotut 2.67 kmi (about one wavelengthI), which corresponds to about 2%.
Positive and negative residuals dlividec the lplaiie into two portions: thle central
northern and southern part of tile array have p~ositive residuals, whereas the east
west and central p~arts have negative rcsitiuals. The residuals define the surface of
the front of the initial P-wave.

The residuals are also p~lotted iii I lic horizonital p~lane In Figure 14, where so me
features of the surface geology at the array are indicated (Mykkeltveit, 1987). Some
of tile "slow" por~tion of' tilie wavefrot coincides with a large tongue of gabbro
extending almost due east frloiti tilie centefr oI' Ilie array.

The residuals for thle two evenkt iii Ihle iiOrt heastern part of Ralapan are very
s imi lar to t hose of' tlie soulIliwest ert paiiI. I h iwever, Ilite errors Ii azimutth and slow-
ness are clearly dif ferent, '1.73 "and -0.0066 s/km., respectively. Figure 15 shows
the direction of the niormal to tile estimated plante wavefronts (assuming the surface
velocity ,=6 kmi/s) projected onl the lower hiemisphere. It appears, therefore, ins if
the Shape of thle wvavefioiits f~ronti the two areas of' ialapan are very similar', but they
alTt slightly tilted relative to one antother: differing by 1.55* In backazimuthad
0.82* relative to the vertical (incidence angle.).

It iigl t he Iliore plauisible to relate t his tilt to the local structure b~eneath the,
NC RIESS array thani to0 eli ects iwa lie s' ti ice reglotis or along thle p~ropagaltion
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paths. However, there are ob~servations from teleseisniic recordings at other
seismic stations that show (lear differences for the northeast and southwest sec-
tions of Balapaii. Systematic dlifferenices In short period waveforms at the UK arrays
were rioted lby Marshaill A~I (1985). who also suggested that these differences
might be clue to systematic dlifferences iii corner frequencies of explosions at the
two regions. Analyzig lbroadl lband recordlings, Stewart (1988), however, suggests
that the dlfferetces. are more likely to be related to source depth of the explosions.
Itingdlal an(i Marshall (1989)) suggrestedl that the two sectins of Balapan are charac-
terizeci b~y iffrerenit geophiysical p~rop~erties. Th'Iey ob~servedt a systematic variation in
111 Pli !9 11111 111na 1 1M m' 110,1f;;4 011,1144 1111, llmtlriiiiti 'll h lt roI, tWplift Witl ti tl? 14t
miagnitudes, the 1P amplitudes from explosions Iii the northeast were smaller than
thiose fromi events in the southwest. If the tilt observed here is attributed to the
necar source structure it appears that the outgoinig rays are deflected more strongly
from events in the northeast thani ini the southwest part.

3-.. Concluding Remarks

In this studiy, we anialyzed NORF.SS P1-wavc recordings for 15 explosions from
the l1alapan test site in E. Kazakh betweeni 1984 anti 1988. P-wave time delays
betweeni array element pairs were dletermlinedl to the nearest ms from cross correla-
,tions of' interpolated wavefom11 data. The pattern of time delays shows high repea-
tab~ility for events in the same area of Italapan.

h'st imates of t imew delay correct ions for thle elements relative to delays for a
theoretical plaiie wavefronit variedi betweeni -19! to 31 mns. The standard error in the
estim1ation was 0.7 mns. Thie eleieti correertiois correlate to some degree with ele-
ment elevation.

Azimuth andh slowniess were estimated] froni the time delays and the element
correctionts. The lbest results were obtainied if data from only the outer ring of
NORESS were used. TFhe standard cleviatiomis i azinmuinl andi slowness estimates.

026"aid 0.7 mts/degree. resp(ct ively. iii t his case were signiificantly smaller thani
timse obtainied from r- k anialysi% on the same dlata, 1 .45 *and 1.9 is/km. resper-
tively.

The average li-wave v'elocity b~elow thme NORESS array was estimated to be 6.1
0.7 kii/s by fittig the time declays to those ot a thire-dimensional p~lane wavefront.

Llemtenit travel-time residuals from the estimated plane wavefront varied
hbetweeii :L 10 iins. These residluals (lefinie a smoo0th Surface for the wavefront of the
iniitial P-wave. The niaximnun idulationi of this surface was about 60 m or about 2%
a ross one wavelength of thie plane. *rhc shape of wavefront surface was highly
repealab~le for all Ilalapan events, whereas the wavefronts for events In the
southwestern amli morthicastemi Ilalapaii alppeare(l to be tilted about 2 *relative to
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one another, which is" about four times the theoretical value. This implies that out-
going rays from lie Balapan area may he (ele(:te(d more strongly In tie near source
region fromi events in tile northeast sectiin (f the test site than from events Iin the
SOlthwestern seclion.

I laiis Israeissoit

3-27



References

Mykkeltvdit. S. (1987). L.ocal (;eology of' the ReIgltmal Array Sites in Norway Selan.
nuial Technical Summary, I Apr - 30 Sep 1987, NORSAR S'i. Rep. No. 1-87/88,KJeller,

Norway.

Press. W.Il., Flannery. B. P.. Teukolsky. S.A. aid W.T. Vetterling (1986). Numerical

Recipes. The Art of Scientific Computing. Cambridge University Press, Cambridge,

p ) 818.

Ringdal, r. and B.K. Ilokland (1987). Magnitudes of Large Semipalatinsk Explosions

using the P Coda and Lg Measurements at NORSAR, Semiannual Technical Summary,

1 Apr - 30 Sep 1987. NORSAR Sci. Rep. No. 1-87/88.Kjeller. Norway.

Ringdal. F. and J. ryen (1988). Analysis of Grafenberg I.g recordings of Semipala-

tinsk Explosions. Semiannual Technical Summary. I Oct 1987 - 31 March 1988. NOR-

SAR Sci. Rep. No. 2-87/88.Kjeller, Norway.

Marshall, P.D., T.C. Bache, and R.C. L.ilwal (1985). Body wave magnitudes and loca-

lions of Soviet undergrotund nuclear explosions at the Senipalatinsk test site, AWRE

Report No. 0 16/84 (re-issue). I IMSO, L.ondon.

Ringdal. F. and P.D. Marshall (1989). Yield detenmination of Soviet underground

nuclear explosions at the Shagan River test site. in: Semiann. Tech. Summ. I Oct- 31

March 1989, NORSAR Sci. Rep. 2-22/89, Kjeller, Nor-way.

Stewart. R.C. (1988). P-wave seisnograms from underground nuclear explosions at

the Shagan River Test Site recorded at foiur arrays. AWE Report No. 0 4/88, HMSO.

I.ondon.

3-28



CONTRACTORS (UNITED STATES) 25 FEB 1991

Prof. Thomas Ahrens Professor Anton W. Dainty
Seismological Lab, 252-21 Earth Resources Laboratory
Division of Geological & Planetary Sciences Massachusetts Institute of Technology
California Institute of Technology 42 Carleton Street
Pasadena, CA 91125 Cambridge, MA 02142

Prof. Charles B. Archambeau Prof. Steven Day
CIRES Department of Geological Sciences
University of Colorado San Diego State University
Boulder, CO 80309 San Diego, CA 92182

Dr. Thomas C. Bache, Jr. Dr. Zoltan A. Der
Science Applications Int'l Corp. ENSCO, Inc.
10260 Campus Point Drive 5400 Port Royal Road
San Diego, CA 92121 (2 copies) Springfield, VA 22151-2388

Prof. Muawia Barazangi Prof. John Ferguson
Institute for the Study of the Continent Center for Lithospheric Studies
Cornell University The University of Texas at Dallas
Ithaca, NY 14853 P.O. Box 830688

Richardson, TX 75083-0688

Dr. Douglas R. Baumgardt Dr. Mark D. Fisk
ENSCO, Inc Mission Research Corporation
5400 Port Royal Road 735 State Street
Springfield, VA 22151-2388 P. 0. Drawer 719

Santa Barbara, CA 93102

Prof. Jonathan Berger Prof. Stanley Flatte
IGPP, A-025 Applied Sciences Building
Scripps Institution of Oceanography University of California
University of California, San Diego Santa Cruz, CA 95064
La Jolla, CA 92093

Dr. Lawrence J. Burdick Dr. Alexander Florence
Woodward-Clyde Consultants SRI International
566 El Dorado Street 333 Ravenswood Avenue
Pasadena, CA 91109-3245 Menlo Park, CA 94025-3493

Dr. Jerry Carter Prof. Henry L. Gray
Center for Seismic Studies Vice Provost and Dean
1300 North 17th St., Suite 1450 Department of Statistical Sciences
Arlington, VA 22209-2308 Southern Methodist University

Dallas, TX 75275

Dr. Karl Coyner Dr. Indra Gupta
New England Research, Inc. Teledyne Geotech
76 Olcott Drive 314 Montgomery Street
White River Junction, VT 05001 Alexandria, VA 22314

Prof. Vernon F. Cormier Prof. David G. Harkrider
Department of Geology & Geophysics Seismological Laboratory
U-45, Room 207 Division of Geological & Planetary Sciences
The University of Connecticut California Institute of Technology
Storrs, CT 06268 Pasadena, CA 91125



Prof. Donald V. Helmberger Dr. Christopher Lynnes
Seismological Laboratory Teledyne Geotech
Division of Geological & Planetary Sciences 314 Montgomery Street
California Institute of Technology Alexandria, VA 22314
Pasadena, CA 91125

Prof. Eugene Herrin Professor Peter E. malin

Institute for the Study of Earth and Man Department of Geology

Geophysical Laboratory Old Chemistry Building

Southern Methodist University Duke University

Dallas, TX 75275 Durham, NC 27706

Prof. Bryan Isacks Dr. Randolph Martin, I
Cornell University New England Research, Inc.
Department of Geological Sciences 76 Olcott Drive
SNEE Hall White River Junction, VT 05001
Ithaca, NY 14850

Dr Rong-Song Jih Prof. Thomas V. McEvilly
Teledyne Geotech Seismographic Station
314 Montgomery Street University of California
Alexandria, VA 22314 Berkeley, CA 94720

Prof. Lane R. Johnson Dr. Keith L. McLaughlin
Seismographic Station S-CUBED
University of California A Division of Maxwell Laboratory
Berkeley, CA 94720 P.O. Box 1620

La Jolla, CA 92038-1620

Dr. Richard LaCoss Prof. William Menke
MIT-Lincoln Laboratory Lamont-Doherty Geological Observatory
M-200B of Columbia University
P. O. Box 73 Palisades, NY 10964
Lexington, MA 02173-0073 (3 copies)

Prof Fred K. Lamb Stephen Miller
University of Illinois at Urbana-Champaign SRI International
Department of Physics 333 Ravenswood Avenue
1110 West Green Street Box AF 116
Urbana, IL 61801 Menlo Park, CA 94025-3493

Prof. Charles A. Langston Prof. Bernard Minster
Geosciences Department IGPP, A-025
403 Deike Building Scripps Institute of Oceanography
The Pennsylvania State University University of California, San Diego
University Park, PA 16802 La Jolla, CA 92093

Prof. Thorne Lay Prof. Brian J. Mitchell
Institute of Tectonics Department of Earth & Atmospheric Sciences
Earth Science Board St. Louis University
University of California, Santa Cruz St. Louis, MO 63156
Santa Cruz, CA 95064

Prof. Arthur Lerner-Lam Mr. Jack Murphy
Lamont-Doherty Geological Observatory S-CUBED, A Division of Maxwell Laboratory
of Columbia University 11800 Sunrise Valley Drive
Palisades, NY 10964 Suite 1212

Reston, VA 22091 (2 copies)
2



Prof. John A. Orcutt Prof. Brian Stump
IGPP, A-025 Institute for the Study of Earth & Man
Scripps Institute of Oceanography Geophysical Laboratory
University of California, San Diego Southern Methodist University
La Jolla, CA 92093 Dallas, TX 75275

Prof. Keith Priestley Prof. Jeremiah Sullivan
University of Cambridge University of Illinois at Urbana-Champaign
Bullard Labs, Dept. of Earth Sciences Department of Physics
Madingley Rise, Madingl-:y Rd. 1110 West Green Street
Cambridge CB3 OEZ, ENGLAND Urbana, IL 65301

Dr. Joy J. Pulli Prof. Clifford Thurber
Radix Systems, Inc. University of Wisconsin-Madison
2 Taft Court, Suite 203 Department of Geology & Geophysics
Rockville, M) 20850 1215 West Dayton Street

Madison, WS 53706

Prof. Paul G. Richards Prof. M. Nafi Toksoz
Lamont Doherty Geological Observatory Earth Resources Lab
of Columbia University Massachusetts Institute of Technology

Palisades, NY 10964 42 Carleton Street
Cambridge, MA 32142

Dr. Wilmer Rivers Prof. John E. Vidale
Teledyne Geotech University of California at Santa Cruz
314 Montgomery Street Seismological Laboratory
Alexandria, VA 22314 Santa Cruz, CA 95064

Prof. Charles G. Sammis Prof. Terry C. Wallace
Center for Earth Sciences Department of Geosciences
University of Southern California Building #77
University Park University of Arizona
Los Angeles, CA 90089-0741 Tucson, AZ 85721

Prof. Christopher H. Scholz Dr. William Wortman
Lamont-Doherty Geological Observatory Mission Research Corporation
of Columbia University 735 State Street
Palisades, NY 10964 P.O. Drawer 719

Santa Barbara. CA 93102

Thomas J. Sereno, Jr.
Science Application Int'l Corp.
10260 Campus Point Drive
San Diego, CA 92121

Prof. David G. Simpson
Lamont-Doherty Geological Observatory
of Columbia University
Palisades, NY 10964

Dr. Jeffrey Stevens
S-CUBED
A Division of Maxwell Laboratory
P.O. Box 1620
La Jolla, CA 92038-1620 3



-,° 
"  

"4..'

OTHERS (UNITED STATES)

Dr. Monem Abdel-Gawad Dr. G.A. Bollinger
Rockwell International Science Center Department of Geological Sciences
1049 Camino Dos Rios Virginia Polytechnical Institute
Thousand Oaks, CA 91360 21044 Derring Hall

Blacksburg, VA 24061

Prof. Keiiti Aid Dr. Stephen Bratt
Center for Earth Sciences Center for Seismic Studies
University of Southern California 1300 North 17th Street
University Park Suite 1450
Los Angeles, CA 90089-0741 Arlington, VA 22209

Prof. Shelton S. Alexander Michael Browne
Geosciences Department Teledyne Geotech
403 Deike Building 3401 Shiloh Road
The Pennsylvania State University Garland, TX 75041
University Park, PA 16802

Dr. Kenneth Anderson Mr. Roy Burger
BBNSTC 1221 Serry Road
Mail Stop 14/lB Schenectady, NY 12309
Cambridge, MA 02238

Dr. Ralph Archuleta Dr. Robert Burridge
Department of Geological Sciences Schlumberger-Doll Research Center
University of California at Santa Barbara Old Quarry Road
Santa Barbara, CA 93102 Ridgefield, CT 06877

Dr. Jeff Barker Dr. W. Winston Chan
Department of Geological Sciences Teledyne Geotech
State University of New York 314 Montgomery Street
at Binghamton Alexandria, VA 22314-1581
Vestal, NY 13901

Dr. Susan Beck Dr. Theodore Cherry
Department of Geosciences Science Horizons, Inc.
Bldg. # 77 710 Encinitas Blvd., Suite 200
University of Arizona Encinitas, CA 92024 (2 copies)
Tucson, AZ 85721

Dr. T.J. Bennett Prof. Jon F. Claerbout
S-CUBED Department of Geophysics
A Division of Maxwell Laboratory Stanford University
11800 Sunrise Valley Drive, Suite 1212 Stanford, CA 94305
Reston, VA 22091

Mr. William J. Best Prof. Robert W. Clayton
907 Westwood Drive Seismological Laboratory
Vienna, VA 22180 Division of Geological & Planetary Sciences

California Institute of Technology
Pasadena, CA 91125

Dr. N. Biswas Prof. F. A. Dahlen
Geophysical Institute Geological and Georhysical Sciences
University of Alaska Princeton University
Fairbanks, AK 99701 Princeton, NJ 08544-0636

4



Mr. Charles Doll Dr. Jeffrey W. Given
Earth Resources Laboratory SAIC
Massachusetts Institute of Technology 10260 Campus Point Drive
42 Carleton St. San Diego, CA 92121
Cambridge, MA 02142

Prof. Adam Dziewonski Prof. Stephen Grand
Hoffman Laboratory, Harvard Univ. University of Texas at Austin
Dept. of Earth Atmos. & Planetary Sciences Department of Geological Sciences
20 Oxford St Austin, TX 78713-7909
Cambridge, MA 02138

Prof. John Ebel Prof. Roy Greenfield
Department of Geology & Geophysics Geosciences Department
Boston College 403 Deike Building
Chestnut Hill, MA 02167 The Pennsylvania State University

University Park, PA 16802

Eric Fielding Dan N. Hagedorn
SNEE Hall Battelle
INSTOC Pacific Northwest Laboratories
Cornell University Battelle Boulevard
Ithaca, NY 14853 Richland, WA 99352

Dr. John Foley Dr. James Hannon
Phillips Laboratory - OL-AA/LWH Lawrence Livermore National Laboratory
Hanscom AFB, MA 01731-5000 P. 0. Box 808

Livermore, CA 94550

Prof. Donald Forsyth Prof. Robert B. Herrmann
Department of Geological Sciences Dept. of Earth & Atmospheric Sciences
Brown University St. Louis University
Providence, RI 02912 St. Louis, MO 63156

Dr. Cliff Frolich Ms. Heidi Houston
Institute of Geophysics Seismological Laboratory
8701 North Mopac University of California
Austin, TX 78759 Santa Cruz, CA 95064

Dr. Anthony Gangi Kevin Hutchenson
Texas A&M University Department of Earth Sciences
Department of Geophysics St. Louis University
College Station, TX 77843 3507 Laclede

St. Louis, MO 63103

Dr. Freeman Gilbert Dr. Hans Israelsson
IGPP, A-025 Center for Seismic Studies
Scripps Institute of Oceanography 1300 N. 17th Street, Suite 1450
University of California Arlington, VA 22209-2308
La Jolla, CA 92093

Mr. Edward Giller Prof. Thomas H. Jordan
Pacific Sierra Research Corp. Department of Earth, Atmospheric
1401 Wilson Boulevard and Planetary Sciences
Arlington, VA 22209 Massachusetts Institute of Technology

Cambridge, MA 02139



Prof. Alan Kafka Dr. Keith K. Nakanishi
Department of Geology & Geophysics Lawrence Livermore National Laboratory
Boston College L-205
Chestnut Hill, MA 02167 P. 0. Box 808

Livermore, CA 94550

Robert C. Kemerait Dr. Bao Nguyen
ENSCO, Inc. Phillips Laboratory - OL-AA/LWH
445 Pineda Court Hanscom AFB, MA 01731-5000
Melbourne, FL 32940

William Kikendall Prof. Amos Nur
Teledyne Geotech Department of Geophysics
3401 Shiloh Road Stanford University
Garland, TX 75041 Stanford, CA 94305

Prof. Leon Knopoff Prof. Jack Oliver
University of California Department of Geology
Institute of Geophysics & Planetary Physics Cornell University
Los Angeles, CA 90024 Ithaca, NY 14850

Prof. L. Timothy Long Dr. Kenneth Olsen
School of Geophysical Sciences P. 0. Box 1273
Georgia Institute of Technology Linwood, WA 98046-1273
Atlanta, GA 30332

Dr. Gary McCartor Howard J. Patton
Department of Physics Lawrence Livermore National Laboratory
Southern Methodist University L-205
Dallas, TX 75275 P.O. Box 808

Livermore, CA 94550

Prof. Art McGarr Prof. Robert Phinney
Mail Stop 977 Geological & Geophysical Sciences
Geological Survey Princeton University
345 Middlefield Rd. Princeton, NJ 08544-0636
Menlo Park, CA 94025

Dr. George Meliman Dr. Paul Pomeroy
Sierra Geophysics Rondout Associates
11255 Kirkland Way P.O. Box 224
Kirkland, WA 98033 Stone Ridge, NY 12484

Prof. John Nabelek Dr. Norton Rimer
College of Oceanography S-CUBED
Oregon State University A Division of Maxwell Laboratory
Corvallis, OR 97331 P.O. Box 1620

La Jolla, CA 92038-1620

Prof. Geza Nagy Prof. Larry J. Ruff
University of California, San Diego Department of Geological Sciences
Department of Ames, M.S. B-010 1006 C.C. Little Building
La Jolla, CA 92093 University of Michigan

Ann Arbor, MI 48109-1063
6



Dr. Richard Sailor Prof. Pradeep Talwani
TASC Inc. Department of Geological Sciences
55 Walkers Brook Drive University of South Carolina
Reading, MA 01867 Columbia, SC 29208

Dr. Susan Schwartz Dr. David Taylor
Institute of Tectonics ENSCO, Inc.
1156 High St. 445 Pineda Court
Santa Cruz, CA 95064 Melbourne, FL 32940

John Sherwin Dr. Steven R. Taylor
Teledyne Geotech Lawrence Livermore National Laboratory
3401 Shiloh Road L-205
Garland, TX 75041 P.O. Box 808

Livermore, CA 94550

Dr. Matthew Sibol Professor Ta-Liang Teng
Virginia Tech Center for Earth Sciences
Seismological Observatory University of Southern California
4044 Derring Hall University Park
Blacksburg, VA 24061-0420 Los Angeles, CA 90089-0741

Dr. Albert Smith Dr. Gregory van der Vink
Lawrence Livermore National Laboratory IRIS, Inc.
L-205 1616 North Fort Myer Drive
P. 0. Box 808 Suite 1440
Livermore, CA 94550 Arlington, VA 22209

Prof. Robert Smith Professor Daniel Walker
Department of Geophysics University of Hawaii
University of Utah Institute of Geophysics
1400 East 2nd South Honolulu, HI 96822
Salt Lake City, UT 84112

Dr. Stewart W. Smith William R. Walter
Geophysics AK-50 Seismological Laboratory
University of Washington University of Nevada
Seattle, WA 98195 Reno, NV 89557

Donald L. Springer Dr. Raymond Willeman
Lawrence Livermore National Laboratory Phillips Laboratory - OL-AA/LWH
L-205 Hanscom AFB, MA 01731-5000
P. 0. Box 808
Livermore, CA 94550

Dr. George Sutton Dr. Gregory Wojcik
Rondout Associates Weidlinger Associates
P.O. Box 224 4410 El Camino Real
Stone Ridge, NY 12484 Suite 110

Los Altos, CA 94022

Prof. L. Sykes Dr. Lorraine Wolf
Lamont-Doherty Geological Observatory Phillips Laboratory - OL-AA/LWH
of Columbia University Hanscom AFB, MA 01731-5000
Palisades, NY 10964

7



Prof. Francis T. Wu
Department of Geological Sciences
State University of New York
at Binghamton
Vestal, NY 13901

Dr. Gregory B. Young
ENSCO, Inc.
5400 Port Royal Road
Springfield, VA 22151-2388

Dr. Eileen Vergino
Lawrence Livermore National Laboratory
L-205
P. 0. Box 808
Livermore, CA 94550

3. J. Zucca
Lawrence Livermore National Laboratory
P. 0. Box 808
Livermore, CA 94550

8



GOVERNMENT

Dr. Ralph Alewine III Dr. T. Hanks
DARPA/NMRO USGS
1400 Wilson Boulevard Nat'l Earthquake Research Center
Arlington, VA 22209-2308 345 Middlefield Road

Menlo Park, CA 94025

Mr. James C. Battis Dr. Roger Hansen
Phillips Laboratory - OL-AA/LWH AFTAC/IT
Hanscom AFB, MA 01731-5000 Patrick AFB, FL 32925

Dr. Robert Blandford Paul Johnson
AFTACI'1T ESS-4, Mail Stop J979
Center for Seismic Studies Los Alamos National Laboratory
1300 North 17th St. Suite 1450 Los Alamos, NM 87545
Arlington, VA 22209-2308

Eric Chal Janet Johnston
Division 9241 Phillips Laboratory - OL-AA/LWH
Sandia Laboratory Hanscom AFB, MA 01731-5000
Albuquerque, NM 87185

Dr. John J. Cipar Dr. Katharine Kadinsky-Cade
Phillips Laboratory - OL-AA/ILWH Phillips Laboratory - OL-AA/LWH
Hanscom AFB, MA 01731-5000 Hanscon AFB, MA 01731-5000

Cecil Davis Ms. Ann Kerr
Group P-15, Mail Stop D406 TGPP, A-025
P.O. Box 1663 Scripps Institute of Oceanography
Los Alamos National Laboratory University of California, San Diego
Los Alamos, NM 87544 La Jolla, CA 92093

Dr. Max Koontz
Mr. Jeff Duncan US Dept of Energy/DP 5
Office of Congressman Markey Forrestal Building
2133 Raybum House Bldg. 1000 Independence Avenue
Washington, DC 20515 Washington, DC 20585

Dr. W.H.K. Lee
Dr. Jack Evernden Office of Earthquakes, Volcanoes,
USGS - Earthquake Studies & Engineering
345 Middlefield Road 345 Middlefield Road
Menlo Park, CA 94025 Menlo Park, CA 94025

Dr. William Leith
Art Frankel U.S. Geological Survey
USGS Mail Stop 928
922 National Center Reston, VA 22092
Reston, VA 22092

Dr. Richard Lewis
Dr. Dale Glover Director, Earthquake Engineering & Geophysics
DIA/DT-IB U.S. Army Corps of Engineers
Washington, DC 20301 Box 631

Vicksburg, MS 39180
9.



James F. Lewkowicz Dr. Frank F. Pilotte
Phillips Laboratory - OL-AA/LWH HQ AFTAC/T
Hanscom AFB, MA 01731-5000 Patrick AFB, FL 32925-6001

Mr. Alfred Lieberman Katie Poley
ACDA/VI-OA'State Department Bldg CIA-ACISiTMC
Room 5726 Room 4X16NHB
320 - 21st Street, NW Washington, DC 20505
Washington, DC 20451

Stephen Mangino Mr. Jack Rachlin
Phillips Laboratory - OL-AA/LWH U.S. Geological Survey
Hanscom AFB, MA 01731-5000 Geology, Rm 3 C136

Mail Stop 928 National Center
Reston, VA 22092

Dr. Robert Masse Dr. Robert Reinke
Box 25046, Mail Stop 967 WL/NT. SG
Denver Federal Center Kirtland AFB, NM 87117-6008
Denver, CO 80225

Art McGMr Dr. Byron Ristvet
U.S. Geological Survey, MS-977 HQ DNA, Nevada Operations Office
345 Middlefield Road Attn: NVCG
Menlo Park, CA 94025 P.O. Box 98539

Las Vegas, NV 89193

Richard Morrow Dr. George Rothe
ACDA/VI, Room 5741 HQ AFTACIITR
320 21st Street N.W Patrick AFB, FL 32925-6001
Washington, DC 20451

Dr. Carl Newton Dr. Alan S. Ryall, Jr.
Los Alamos National Laboratory DARPA/NMRO
P.O. Box 1663 1400 Wilson Boulevard
Mail Stop C335, Group ESS-3 Arlington, VA 22209-2308
Los Alamos, NM 87545

Dr. Kenneth H. Olsen Dr. Michael Shore
Los Alamos Scientific Laboratory Defense Nuclear Agency/SPSS
P. 0. Box 1663 6801 Telegraph Road
Mail Stop D-406 Alexandria, VA 22310
Los Alamos, NM 87545

Mr. Chris Paine Mr. Charles L. Taylor
Office of Senator Kennedy Phillips Laboratory - OL-AA/LWH
SR 315 Hanscom AFB, MA 01731-5000
United States Senate
Washington, DC 20510

Colonel Jerry J. Perrizo Dr. Larry Turnbull
AFOSR/NP, Building 410 CIA-OSWR/NED
Boiling AFB Washington, DC 20505
Washirgton, DC 20332-6448

10



Dr. Thomas Weaver Defense Technical Information Center
Los Alamos National Laboratory Cameron Station
P.O. Box 1663, Mail Stop C335 Alexandria, VA 22314 (5 copies)
Los Alamos, NM 87545

Phillips Laboratory Defense Intelligence Agency
Attn: OL-AA/SULL Directorate for Scientific & Technical Intelligence
Research Library Attn: DT1B
Hanscom AFB , MA 01731-5000 (2 copies) Washington, DC 20340-6158

Secretary of the Air Force AFTAC/CA
(SAFRD) (STINFO)
Washington, DC 20330 Patrick AFB, FL 32925-6001

Office of the Secretary Defense TACrEC
DDR & E Battelle Memorial Institute
Washington, DC 20330 505 King Avenue

Columbus, OH 43201 (Final Report Only)

HQDNA
Attn: Technical Library
Washington, DC 20305

DARPA/RMO/RETRIEVAL
1400 Wilson Boulevard
Arlington, VA 22209

DARPA/RMO/Security Office
1400 Wilson Boulevard
Arlington, VA 22209

Phillips Laboratory
ATTN: OL-AA/XO
Hanscom AFB, MA 01731-5000

Phillips Laboratory
ATTN: OL-AA/LW
Hanscom AFB, MA 01731-5000

DARPA/PM
1400 Wilson Boulevard
Arlington, VA 22209

i1



CONTRACTORS (FOREIGN)

Dr. Ramon Cabre, S.J.
Observatorio San Calixto
Casilla 5939
La Paz, Bolivia

Prof. Hans-Peter Haijes
Institute for Geophysik
Ruhr University/Bochum
P.O. Box 102148
4630 Bochum 1, FRG

Prof. Eystein Husebye
NTNF/NORSAR
P.O. Box 51
N-2007 Kjeller, NORWAY

Prof. Brian L.N. Kennett
Research School of Earth Sciences
Institute of Advanced Studies
G.P.O. Box 4
Canberra 2601, AUSTRALIA

Dr. Bernard Massinon
Societe Radiomana
27 rue Claude Bernard
75005 Paris, FRANCE (2 Copies)

Dr. Pierre Mecheler
Societe Radiomana
27 rue Claude Bernard
75005 Paris, FRANCE

Dr. Svein Mykkeltveit
NTNF/NORSAR
P.O. Box 51
N-2007 Kjeller, NORWAY (3 copies)

12



FOREIGN (OTHERS)

Dr. Peter Basham Dr. Tormod Kvaerna
Earth Physics Branch NTNF/NORSAR
Geological Survey of Canada P.O. Box 51
1 Observatory Crescent N-2007 Kjeller, NORWAY
Ottawa, Ontario, CANADA K1A 0Y3

Dr. Eduard Berg Dr. Peter Marshall
* Institute of Geophysics Procurement Executive

University of Hawaii Ministry of Defense
Honolulu, HI 96822 Blacknest, Brimpton

Reading FG7-4RS, UNITED KINGDOM

Dr. Michel Bouchon Prof. Ari Ben-Menahem
I.R.I.G.M.-B.P. 68 Department of Applied Mathematics
38402 St. Martin D'Heres Weizman Institute of Science
Cedex, FRANCE Rehovot, ISRAEL 951729

Dr. Hilmar Bungum Dr. Robert North
NTNF/NORSAR Geophysics Division
P.O. Box 51 Geological Survey of Canada
N-2007 Kjeller, NORWAY 1 Observatory Crescent

Ottawa, Ontario, CANADA KiA 0Y3

Dr. Michel Campillo Dr. Frode Ringdal
Observatoire de Grenoble NTNF/NORSAR
I.R.I.G.M.-B.P. 53 P.O. Box 51
38041 Grenoble, FRANCE N-2007 Kjeller, NORWAY

Dr. Kin Yip Chun Dr. Jorg Schlittenhardt
Geophysics Division Federal Institute for Geosciences & Nat'l Res.
Physics Department Postfach 510153
University of Toronto D-3000 Hannover 51, FEDERAL REPUBLIC OF
Ontario, CANADA M5S 1A7 GERMANY

Dr. Alan Douglas
Ministry of Defense Universita Degli Studi Di Trieste
Blacknest, Brimpton Facolta Di Ingegneria
Reading RG7-4RS, UNITED KINGDOM Istituto Di Miniere E. Geofisica Applicata, Trieste,

ITALY

Dr. Manfred Henger
Federal Institute for Geosciences & Nat'l Res.
Postfach 510153 Dr. John Woodhouse
D-3000 Hanover 51, FRG Oxford University

Dept of Earth Sciences
Parks Road

Ms. Eva Johannisson Oxford OX13PR, ENGLAND
Senior Research Officer
National Defense Research Inst.
P.O. Box 27322
S-102 54 Stockholm, SWEDEN

Dr. Fekadu Kebede
Geophysical Observatory, Science Faculty
Addis Ababa University
P. O. Box 1176
Addis Ababa, ETHIOPIA 13


