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PRELIMINARY ASSESSMENT OF NEWLY AVAILABLE DIGITAL
SEISMIC DATA FROM KAZAKHSTAN
Paul G. Richards and Won-Young Kim

INTRODUCTION

This report concerns a unique seismological observatory that has operated since the 1960's.
Located in Kazakhstan, for over 25 years it has been recording and archiving up to 50 channels of
digital data each day.

This project began for us in the spring of 1990 at the annual workshop of the Incorporated
Research Institutions for Seismology (the IRIS Consortium). Seismologists from the Soviet
Union attended and told us that they had permission to describe a geophysical observatory at
Borovoye, near Kokchetav in Northern Kazakhstan, which had operated digital seismometers
since 1966. They said there was a large tape archive and that much of the data were of excellent
quality and would probably be made available on request - even the data for nuclear explosions.

In about December, 1990, one of us made a data request for signals from about 30 nuclear
explosions, and from several earthquakes near nuclear test sites.

At the next IRIS workshop, held in March, 1991, we received a nine-track tape that had 43
examples of three-component digital data, all recorded at Borovoye, Northern Kazakhstan.

In this report, we describe some of the data we were given, what we have learmed about the
instrument responses, and some of our preliminary analyses.

STATION CHARACTERISTICS

The Borovoye seismic station (BRV), with coordinates 53° (03’ 29" N;
70° 16" 58" E (see Figure 1), is located on a pluton about 200 km across with an ill-defined but
deep Moho and monolithic granites. The station owes its existence to its ability to pick up signals
very well from the Nevada Test Site. The data at Borovoye of seismic signals from Nevada
explosions have P waves two or three times larger that would be expected on the basis of globally
averaged magnitudes for Nevada explosions. The status of "observatory", with continuous analog
recording, was accorded to Borovoye in 1965. The early deployment of seismic instruments was
in a tunnel driven horizontally into granites rising to the south of a lake about 4 km across, but
now all seismometers are in a 15-meter deep vault with three chambers.

There are three digital systems. The first BRV digital seismic system, known as KOD
began recording in 1966 and operated continuously from 1967 to 1973. It is based on three
component, short-period seismometers, and is important as one of the few digitai systems in the
late 1960's - early 1970's. From the perspective of the standard convention on ground motion
polarity. in which motions in the up, north and east directions are taken as positive, we note that all
KOD signals have the opposite convention. The second BRYV digital system, known as STR, has
operated from March, 1973 to the present day. It consists of two separate parts: STR-SS, which
is intended mainly for low-gain recording, and STR-TSG, which includes six long-period and
seven short-period Kirnos seismometers, most recorded at two gain levels for a total of 20 data
channels. The highest sensitivity is 100,000 counts/micron, based on a short-period Kimos with a
special magnet, and a low-noise amplifier. The third BRV digital system, known as ASST and
installed in April, 1990, uses broad-band forced-balance seismometers and is still under test.

Figures 2 and 3 show instrument responses for several instruments of the KOD, STR-
TSG, and STR-SS systems. Table 1 shows parameters of instruments in each of the four
systems. Figure 4 shows calibration pulses for the TSG system. together with the synthetic
response we have obtained at Lamont in terms of poles and zeros.

EXAMPLES OF EXPLOSION DATA

In Figure 5 is shown a detailed location map for several nuclear explosions at the Shagan
River test site, East Kazakhstan. In Figure 6 is shown a set of seven seismograms for these




events, all recorded at Borovoye on the same instrument, showir.g excellent data for Pn and the
other main regional phases Sn, Ly and Rg. Notice that even though these events are separated by
no more than twenty kms, there is considerable variability in amplitude of the regional phases
recorded at BRV, over a distance of about 700 km. Figure 7 shows the same data, with an
expanded time scale. We comment below on the Lg signals, which we have compared with
NORSAR and WMQ for these same events. Note also the appearance of the first trace in Figures o
and 7, which turns out to be a recording of a double explosion.

For the Joint Verification Explosion conducted at the Shagan River test site on 1988
September 14, we have several channels including the TSG short period and long period channels
(see Figure 8) and a three-component broad-band record (see Figure 9).

As representative examples of the Borovoye data for explosions at Novaya Zemlya, Figure
10 shows a three-component short-period record for the event of 1988 December 4. It may be .
seen that the short-period Lg is quite weak at this distance, almost 2400 km. Figure 11 shows a
three-component long-period record for the Novaya Zemlya explosion of 1988 May 7.

EXAMPLES OF EARTHQUAKE DATA

When we had the opportunity in 1990 to make a data request, a puzzle from 1969 came to
mind. Figures 12 and 13 were published 20 years ago, and show (respectively) an mp/M; diagram
with an event marked as KA appearing in the part of the diagram normally associated with
explosions, and the data for this event reported at the Worldwide Standard Station at Kabul. For
its body wave magnitude, this event of 1969 May 1 has a very low surface wave magnitude. But
there is o problem with measuring the surface wave magnitude because there was a concurrent
large earthquake in Tonga that generated large surface waves all around the world. Even at Kabul.
so much nearer the Kazakhstan event, the surface waves from Kazakhstan are small and their
magnitude is impossible to measure accurately. Figure 14 shows the three-component Borovoye
digital data. recorded on the KOD system at a distance of about 10° from the 1969 event. Figure
15 showy the same data with an expanded time scale. Figure 14 is slightly clipped for the Lg
phase, but otherwise it is excellent data. For example it is good enough to analyze particle motion
in detail, and just after the P arrival we find a quite strong signal arriving off azimuth by several
degrees.

Another interesting Kazakhstan earthquake occurred on 1976 March 20, and in Figure 16
we show the Borovoye short-period digital data. In Figure 17 is a comparison of this earthquake
with the signal from the Joint Verification Explosion of 1988 at Shagan River. We have
incorporated a polarity reversal of the earthquake to make the comparison, and it is clear that the
first arrival of the earthquake is a dilatation. This earthquake was a thrust, and all teleseismic
arrivals showed a compression. Figure 18 shows the same data with an expanded time scale.

EXAMPLES OF DOUBLE EXPL.OSIONS

It has fong been known that double explosions are sometimes carried out at the Kazakhstan
test sites (Sykes and Ruggi, 1989). iigure 19 shows an example from December, 1972, reccided
eleseismically at NORSAR. The larger P wave is slightly clipped, and for purposes of estimating
an Ly magnitude of the larger event, itis necessary to make a correction for the contribution from
the smaller event (see Ringdal. 1989).

From Borovoye, we requested two examples of double explosions. This dat:i was
included with the tape we received in March, 1991. In Figure 20 we display the Borovoye short-
period data. which in each case is tor an explosion at Degelen Mountain followed about 10 seconds
later by a larger explosion at the Shagan River test site. The upper example of Figure 20 is the
same double explosion from 1972 that was illustrated in Figure 19. The lowcr example in Figure
2015 the double explosion mentioned above, in Figures 6 and 7, occurring in 1978.

Since this is digital data, we can look just at the two Degelen sicnals on an expanded scale,
and compare them. Such a comparison is shown in Figare 21, The instruments responses are




slightly different in 1972 and 1978, and a correction has been made to obtain data with the same
response. It is clear from Figure 21, with its excellent agreement of the iwo wave forms recorded
about six years apart, that these two events were located very close to each other.

ANALYSIS OF LG PRECISION

Next, we describe the measurements of the Lg signals recorded at Borovoye, and the
stability of this measurement.

Figure 22 shows the work station display for our measurements of RMS Lg. We choose a
window-length and plot the RMS value (more correctly, the logarithm of the root mean square
averaged over the window) as this window is moved down the seismogram. As shown in the
figure, the RMS value is indicated along with the corresponding group velocity. We have found in
practice that our results on the stability of Lg do not change, whether we use a few tens of seconds
or more than a minute for the Lg window. We had six events we could study that were recorded
on the same instrument and that were not clipped.

Figure 23 plots our results for the five explosions which were big enough for a
measurement to be made at NORSAR, almost 4000 km away. Figure 24 shows the comparison
for all six of the events recorded at Borovoye, compared with RMS Lg recorded at the station
WMAQ of the Chinese Digital Seismograph Network. In both cases we find that the scatter of the
data about a best fitting line is quite small, having a one sigma value of about 0.05 magnitude units
on three degrees (Figure 23) or four degrees (Figure 24) of freedom.

CONCLUSIONS AND RECOMMENDATIONS

We now have 37 examples of digital data from the Borovoye Geophysical Observatory for
nuclear explosions conducted at Shagan River, Novaya Zemlya, and Lop Nor. At least two of
these examples are double explosions. We also have data on about 10 earthquakes (some regional,
some teleseismic). We are pursuing the question of calibration, for all the many instruments for
which we have so far received data. In the process of acquiring this data we have been given much
information on what is clearly the most sophisticated seismic station ever operated in the Soviet
Union.

If the research community in the United States deems these data valuable, then there will be
some consideration of an effort to copy as much as possible of the whole archive at Borovoye into
a modern format for use by seismologists in Russia and Kazakhstan, as well as the United States.

Such an effort may usefully be thought of as two separate steps. First to copy all the wide
tapes (we believe there are about 7,000 of them, holding a total of about 70 gigabytes) to a modern
recording medium. This would not be a a major project, but some consideration would have to be
given to special staff support at BRYV for the duration of the copving in addition to hardware.
Sccond, to work with BRV personnel on the design of a suitable new format for the archive, 1o
incorporate all of the available information on instrument responses (now recorded only on log
books held at the observatory) and to implement the new format with appropriate quality controls.
This second step would be a major project requiring a plan with milestones and an agreed
schedule. It might take several years to execute.

We are not advocating either the first steps or the two steps together at the present time.

But if the data we have so far acquired, supplemented by the data we have been told will be
forthcoming, is found to be of high quality, then we expect to be making the case for salvaging and
modernizing what clearly is a unique digital archive at Borovoye.
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Table 1. Instrument Response Characteristics at Borovoye Seismic Station.

System Seismometer Channel T@ Dy Smte) f (@ Rate(®)  Channel
(s) (unitum)  (Hz) (sample/s) #
KOD
SKM-3 High-gain® 3.5 071 3000 2.0 33.3 1,3,4
Low-gain (Z)* 300 2.0 33.3
SKD - 30.0 0.71 - - -
STsR-SS
SKM-3 High-gain 20 05 2000 1.8 41.7 1,7,8,9
Low-gain 200 1.8 10.4 6,8,9
SKD High-gain 25,0 0.71 5.0 0.14 5.2 2,34
Low-gain 0.5 0.14 5.2 -
STsR-TSG
KS High-gain 1.5 071 4500 237 385 7,8,9
KSM High-gain 1.5 0.5 100000 1.43 385 10,11,12
Low-gain 1000 1.43 385 345
KSVM High-gain(Z) 1.5 0.5 4600 1.43 385 2
Low-gain (Z) 50 1.43 385 1
DS High-gain 20.0 0.71 50 0.1 32 19,20.21
DSM High-gain 280 0.71 1000 0.07 3.2 22,23,24
Low-gain 10 0.07 3.2 15.16,17
ASSTs SSM-S 20 - 250 -

(a) Ts = Seismometer natural period in second, (b) Ds = Seismometer damping constant critical
damping = 1/¥2, (¢) Sm = Nominal sensitivity in count/micron, (d) f, = Normalization frequency
where nominal sensitivity is measured, (¢) Rate = Sampling rate in samples/second. + Acually this is
base channel not necessarily a high-gain, * Only vertical component.




*uBISUNBZEY UT 93TS
31893 sutiefedrwasg 2yl jo Isam-ylaou upf (00§ Inoqe si akoaodog “dew uvriedo] ] @AnN3Ig

30¢! 3004 308 309 0% 302

) yz|

Job
ila 0

o

NO¥

oD
buwm v‘O

DIy
A

xﬁu A48

NO9

NO8
UDISUXMDZDY uJayjdoN ‘@AoAouog wod} DD




WY ISAS OSL-41S
YT UT S IUANGLL S

Jo osundsoy

(zH) Aouanba.4

0l

¢ oanSy

L0 10°0

_ro_

---- 4~ 00001

weisAs Hg| - sasuodssei AHYg

L 000001

(uosow/IUNo2) apn)idwy

TSIIEAS Q§=yLS Pue oy
PUI UT SuoumaIsuL jo asuodsay 7 aandTy
(zH) Aousnba.y

Oi L L0 100
1 ! 10

il T 001

(uosoiw/uNod) apnydwy

SIS e S “} 0004

-=--L 00001

WwolsAs §S ® QO - sesuodsas AHY




*27T8 15831 13ATY
uedeyg ayj 1e suolsordxs agadonu

pa3oaTas 103 dew uolriedol pofIeIag S ERGERE
(3) apnybuo’
S06L 0062 S6'8L 068/ $8'8L 08'8L S.8L

L , i 1 : : —- 08 67

88/L1121 _

<

_

LGB 6T
3nr

& m
L 06 67

88/C/v 08/v L6 f

88/v/S |

< oW & :

<

88/ciic |
- fmmmq

|

|

aianog ;

8,628

et =008

i

|

|

8a/ti/9 |

) |
< L5005

als 1anly uebeys

‘wa1sAs ngI-Yls 2Yl Ul SIUDWNIISUT I0]
s (sovdaz pue surod uo paseq) sasind uotleaqijed

5739yjuis pue Tenioe jo uostaedwo)y % 9an81j
(oes) swl}
08 0s 09 0s ov 01 0e 0! 0
Sd
(0o8s) swi
m ! 2t )8 8 9 , 4 < 0
= - - - _—
o
)
z
—
IASH

A,
|

(uoneJajaooe ur asindwt Ue 0} HSU0ASal)

SASTAE NOLLVIIITYD INALSAS DSL




Digital Seismograms (channel #1) at BRV from KTS
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Shagan River explosions.




Digital Seismograms (TSG channel #1) at BRV from KTS
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12/10/72 4:26:57.8 mb=5.6 (DM) Double explosions
l#2 4:27:07.3 mb=6.0 (SR)

BRV Z

1.05E-03
428729

BRV Z
1.00E-03

#2, 2:37:06.3 mb=5.9 (SR)
8/29/78 2:36:58.0 mb=5.2 (DM)
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Figure 20:  The short-pericod BRV records of two double explosions.
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5 Shagan Explosions, slope = 1.84 sigma - 005

RMS Lg at BRV

3.90 —T T T T

5.70 5.80 5.90 6.00 6.10

mb(Lg) at NORSAR

Figure 23: Comparison of RMS Lg measurements at BRV and
NORSAR, for five Shagan River explosions.

6 Shagan Explosions, slope = 1.63 sigma = 0.06
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Figure 24: Comparison of RMS Lg measurements at BRV and WMQ
(China), for six Shagan River explosions.

25




Prof. Thomas Ahrens
Seismological Lab, 252-21

Division of Geological & Planetary Sciences

California Institute of Technology
Pasadena, CA 91125

Prof. Keiiti Aki

Center for Earth Sciences
University of Southern California
University Park

Los Angeles, CA 90089-0741

Prof. Shelton Alexander
Geosciences Department

403 Deike Building

The Pennsylvania State University
University Park, PA 16802

Dr. Ralph Alewine, III
DARPA/NMRO

3701 North Fairfax Drive
Arlington, VA 22203-1714

Prof. Charles B. Archambeau
CIRES

University of Colorado
Boulder, CO 80309

Dr. Thomas C. Bache, Jr.
Science Applications Int'l Corp.
10260 Campus Point Drive

San Diego, CA 92121 (2 copies)

Prof. Muawia Barazangi

Institute for the Study of the Continent
Cormnell University

Ithaca, NY 14853

Dr. Jeff Barker
Department of Geological Sciences
State University of New York
at Binghamton
Vestal, NY 13901

Dr. Douglas R. Baumgardt
ENSCO, Inc

5400 Port Royal Road
Springfield, VA 22151-2388

Dr. Susan Beck
Department of Geosciences
Building #77

University of Arizona
Tuscon, AZ 85721

DISTRIBUTION LIST

Dr. T.J. Bennett

S-CUBED

A Division of Maxwell Laboratories
11800 Sunrise Valley Drive, Suite 1212
Reston, VA 22091

Dr. Robert Blandford

AFTAC/TT, Center for Seismic Studies
1300 North 17th Street

Suite 1450

Arlington, VA 22209-2308

Dr. G.A. Bollinger

Department of Geological Sciences
Virginia Polytechnical Institute
21044 Derring Hall

Blacksburg, VA 24061

Dr. Stephen Bratt

Center for Seismic Studies
1300 North 17th Street
Suite 1450

Arlington, VA 22209-2308

Dr. Lawrence Burdick
Woodward-Clyde Consultants
566 El Dorado Street
Pasadena, CA 91109-3245

Dr. Robert Burridge
Schlumberger-Doll Research Center
Old Quarry Road

Ridgefield, CT 06877

Dr. Jerry Carter

Center for Seismic Studies
1300 North 17th Street
Suite 1450

Arlington, VA 22209-2308

Dr. Eric Chael

Division 9241

Sandia Laboratory
Albuquerque, NM 87185

Prof. Vernon F. Cormier

Department of Geology & Geophysics
U-45, Room 207

University of Connecticut

Storrs, CT 06268

Prof. Steven Day

Department of Geological Sciences
San Diego State University

San Diego, CA 92182




Marvin Denny

U.S. Department of Energy
Office of Arms Control
Washington, DC 20585

Dr. Zoltan Der

ENSCO, Inc.

5400 Port Royal Road
Springfield, VA 22151-2388

Prof. Adam Dziewonski

Hoffman Laboratory, Harvard University
Dept. of Earth Atmos. & Planetary Sciences
20 Oxford Street

Cambridge, MA 02138

Prof. John Ebel

Department of Geology & Geophysics
Boston College

Chestnut Hill, MA 02167

Eric Fielding
SNEE Hall
INSTOC

Cornell University
Ithaca, NY 14853

Dr. Mark D. Fisk

Mission Research Corporation
735 State Street

P.O. Drawer 719

Santa Barbara, CA 93102

Prof Stanley Flatte

Applied Sciences Building
University of California, Santa Cruz
Santa Cruz, CA 95064

Dr. John Foley

NER-Geo Sciences

1100 Crown Colony Drive
Quincy, MA 02169

Prof. Donald Forsyth
Department of Geological Sciences

Brown University
Providence, RI 02912

Dr. Art Frankel

U.S. Geological Survey
922 National Center
Reston, VA 22092

Dr. Cliff Frolich
Institute of Geophysics
8701 North Mopac
Austin, TX 78759

Dr. Holly Given

IGPP, A-025

Scripps Institute of Oceanography
University of California. San Diego
LaJolla, CA 92093

Dr. Jeffrey W. Given
SAIC

10260 Campus Point Drive
San Diego, CA 92121

Dr. Dale Glover

Defense Intelligence Agency
ATTN: ODT-1B
Washington, DC 20301

Dr. Indra Gupta
Teledyne Geotech

314 Montgomery Street
Alexanderia, VA 22314

Dan N. Hagedon

Pacific Northwest Laboratories
Battelle Boulevard

Richland, WA 99352

Dr. James Hannon

Lawrence Livermore National Laboratory
P.O. Box 808

L-205

Livermore, CA 94550

Dr. Roger Hansen
HQ AFTAC/TTR
Patrick AFB, FL 32925-6001

Prof. David G. Harkrider

Seismological Laboratory

Division of Geological & Planetary Sciences
California Institute of Technology
Pasadena, CA 91125

Prof. Danny Harvey
CIRES

University of Colorado
Boulder, CO 80309




Prof. Donald V. Helmberger

Seismological Laboratory

Division of Geological & Planetary Sciences
California Institute of Technology

Pasadena, CA 91125

Prof. Eugene Herrin

Institute for the Study of Earth and Man
Geophysical Laboratory

Southern Methodist University

Dallas, TX 75275

Prof. Robert B. Herrmann

Department of Earth & Atmospheric Sciences
St. Louis University

St. Louis, MO 63156

Prof. Lane R. Johnson
Seismographic Station
University of California
Berkeley, CA 94720

Prof. Thomas H. Jordan

Department of Earth, Atmospheric &
Planetary Sciences

Massachusetts Institute of Technology

Cambridge, MA 02139

Prof. Alan Kafka

Department of Geology & Geophysics
Boston College

Chestnut Hill, MA 02167

Robert C. Kemerait
ENSCO, Inc.

445 Pineda Court
Melbourne, FL. 32940

Dr. Max Koontz

U.S. Dept. of Energy/DP 5
Forrestal Building

1000 Independence Avenue
Washington, DC 20585

Dr. Richard LaCoss

MIT Lincoln Laboratory, M-200B
P.O. Box 73

Lexington, MA 02173-0073

Dr. Fred K. Lamb

University of lllinois at Urbana-Champaign
Department of Physics

1110 West Green Street

Urbana, IL. 61801

Prof. Charles A. Langston
Geosciences Department

403 Deike Building

The Pennsylvania State University
University Park, PA 16802

Jim Lawson, Chief Geophysicist
Oklahoma Geological Survey
Oklahoma Geophysical Observatory
P.O. Box 8

Leonard, OK 74043-0008

Prof. Thorne Lay

Institute of Tectonics

Earth Science Board

University of California, Santa Cruz
Santa Cruz, CA 95064

Dr. William Leith

U.S. Geological Survey
Mail Stop 928

Reston, VA 22092

Mr. James F. Lewkowicz
Phillips Laboratory/GPEH
Hanscom AFB, MA 01731-5000( 2 copies)

Mr. Alfred Lieberman

ACDA/VI-OA State Department Building
Room 5726

320-21st Street, NW

Washington, DC 20451

Prof. L. Timothy Long

School of Geophysical Sciences
Georgia Institute of Technology
Atlanta, GA 30332

Dr. Randolph Martin, III

New England Research, Inc.

76 Olcott Drive

White River Junction, VT 05001

Dr. Robert Masse

Denver Federal Building
Box 25046, Mail Stop 967
Denver, CO 80225

Dr. Gary McCartor
Department of Physics
Southern Methodist University
Dallas, TX 75275




Prof. Thomas V. McEvilly
Seismographic Station
University of California
Berkeley, CA 94720

Dr. Art McGarr

U.S. Geological Survey
Mail Stop 977

U.S. Geological Survey
Menlo Park, CA 94025

Dr. Keith L. McLaughlin
S-CUBED

A Division of Maxwell Laboratory
P.O. Box 1620

La Jolla, CA 92038-1620

Stephen Miuiler & Dr. Alexander Florence
SRI International

333 Ravenswood Avenue

Box AF 116

Menlo Park, CA 94025-3493

Prof. Bemard Minster

IGPP, A-025

Scripps Institute of Oceanography
University of California, San Diego
La Jolla, CA 92093

Prof. Brian J. Mitchell

Department of Earth & Atmospheric Sciences

St. Louis University
St. Louis, MO 63156

Mr. Jack Murphy

S-CUBED

A Division of Maxwell Laboratory
11800 Sunrise Valley Drive, Suite 1212
Reston, VA 22091 (2 Copies)

Dr. Keith K. Nakanishi

Lawrence Livermore National Laboratory
L-025

P.O. Box 808

Livermore, CA 94550

Dr. Carl Newton

Los Alamos National Laboratory
P.O. Box 1663

Mail Stop C335, Group ESS-3
Los Alamos, NM 87545

Dr. Bao Nguyven
HQ AFTAC/TTR
Patrick AFB, FL. 32925-6001

Prof. John A. Orcutt

IGPP, A-025

Scripps Institute of Oceanography
University of California, San Diego
La Jolla, CA 92093

Prof. Jeffrey Park

Kline Geology Laboratory
P.O. Box 6666

New Haven, CT 06511-8130

Dr. Howard Patton

Lawrence Livermore National Laboratory
L-025

P.O. Box 808

Livermore, CA 94550

Dr. Frank Pilotte
HQ AFTAC/TT
Patrick AFB, FL 32925-6001

Dr. Jay J. Pulli

Radix Systems, Inc.

2 Taft Court, Suite 203
Rockville, MD 20850

Dr. Robert Reinke
ATTIN: FCTVTD

Field Command

Defense Nuclear Agency
Kirtland AFB, NM 87115

Prof. Paul G. Richards

Lamont-Doherty Geological Observatory
of Columbia University

Palisades, NY 10964

Mr. Wilmer Rivers
Teledyne Geotech

314 Montgomery Street
Alexandria, VA 22314

Dr. George Rothe
HQ AFTAC/TTR
Patrick AFB, FL. 32925-6001

Dr. Alan S. Ryall, Jr.
DARPA/NMRO

3701 North Fairfax Drive
Arlington, VA 22209-1714

e e —————————————————




Dr. Richard Sailor
TASC, Inc.

55 Walkers Brook Drive
Reading, MA 01867

Prof. Charles G. Sammis

Center for Earth Sciences
University of Southern California
University Park

Los Angeles, CA 90089-0741

Prof. Christopher H. Scholz

Lamont-Doherty Geological Observatory
of Columbia University

Palisades, NY 10964

Dr. Susan Schwartz
Institute of Tectonics
1156 High Street

Santa Cruz, CA 95064

Secretary of the Air Force
(SAFRD)
Washington, DC 20330

Office of the Secretary of Defense
DDR&E
Washington, DC 20330

Thomas J. Sereno, Jr.

Science Application Intl Corp.
10260 Campus Point Drive
San Diego, CA 92121

Dr. Michael Shore

Defense Nuclear Agency/SPSS
6801 Telegraph Road
Alexandria, VA 22310

Dr. Matthew Sibol

Virginia Tech

Seismological Observatory
4044 Derring Hall
Blacksburg, VA 24061-0420

Prof. David G. Simpson
IRIS, Inc.

1616 North Fort Myer Drive
Suite 1440

Arlington, VA 22209

Donald L. Springer

Lawrence Livermore National Laboratory
L-025 '

P.O. Box 808

Livermore, CA 94550

Dr. Jeffrey Stevens

S-CUBED

A Division of Maxwell Laboratory
P.O. Box 1620

La Jolla, CA 92038-1620

Lt. Col. Jim Stobie

ATTN: AFOSR/NL

Bolling AFB

Washington, DC 20332-6448

Prof. Brian Stump

Institute for the Study of Earth & Man
Geophysical Laboratory

Southern Methodist University
Dallas, TX 75275

Prof. Jeremiah Sullivan

University of Illinois at Urbana-Champaign
Department of Physics

1110 West Green Street

Urbana, IL 61801

Prof. L. Sykes

Lamont-Doherty Geological Observatory
of Columbia University

Palisades, NY 10964

Dr. David Taylor
ENSCO, Inc.

445 Pineda Court
Melbourne, FL. 32940

Dr. Steven R. Taylor

Los Alamos National Laboratory
P.O. Box 1663

Mail Stop C335

Los Alamos, NM 87545

Prof. Clifford Thurber

University of Wisconsin-Madison
Department of Geology & Geophysics
1215 West Dayton Street

Madison, WS 53706

Prof. M. Nafi Toksoz

Earth Resources Lab

Massachusetts Institute of Technology
42 Carleton Street

Cambridge, MA 02142




Dr. Larry Tumbull
CIA-OSWR/NED
Washington, DC 20505

Dr. Gregory van der Vink
IRIS, Inc.

1616 North Fort Myer Drive
Suite 1440

Arlington, VA 22209

Dr. Karl Veith
EG&G

5211 Auth Road
Suite 240

Suidand, MD 20746

Prof. Terry C. Wallace
Department of Geosciences
Building #77

University of Arizona
Tuscon, AZ 85721

Dr. Thomas Weaver

Los Alamos National Laboratory
P.O. Box 1663

Mail Stop C335

Los Alamos, NM 87545

Dr. William Wortnan

Mission Research Corporation
8560 Cinderbed Road

Suite 700

Newington, VA 22122

Prof. Francis T. Wu

Department of Geological Sciences

Siate University of New York
at Binghamton
Vestal, NY 13901

AFTAC/CA
(STINFO)
Patrick AFB, FL. 32925-6001

DARPA/PM
3701 North Fairfax Drive
Arlington, VA 22203-1714

DARPA/RMO/RETRIEVAL
3701 North Fairfax Drive
Arlington, VA 22203-1714

DARPA/RMO/SECURITY OFFICE
3701 North Fairfax Drive
Arlington, VA 22203-1714

HQ DNA
ATTN: Technical Library
Washington, DC 20305

Defense Intelligence Agency

Directorate for Scientific & Technical Intelligence
ATTN: DTIB

Washington, DC 20340-6158

Defense Technical Information Center
Cameron Station
Alexandria, VA 22314 (2 Copies)

TACTEC

Battelle Memonial Institute

505 King Avenue

Columbus, OH 43201 (Final Report)

Phillips Laboratory
ATTN: XPG
Hanscom AFB, MA 01731-5000

Phillips Laboratory
ATTN: GPE
Hanscom AFB, MA 01731-5000

Phillips Laboratory
ATTN: TSML
Hanscom AFB, MA 01731-5000

Phillips Laboratory
ATTN: SUL
Kirtland, NM 87117 (2 copies)

Dr. Michel Bouchon
I.R.I1L.G.M.-B.P. 68
38402 St. Martin D'Heres
Cedex, FRANCE




Dr. Michel Campillo
Observatoire de Grenoble
I.LRI1.G.M.-B.P. 53

38041 Grenoble, FRANCE

Dr. Kin Yip Chun
Geophysics Division
Physics Department
University of Toronto
Ontario, CANADA

Prof. Hans-Peter Harjes
Institute for Geophysic

Ruhr University/Bochum
P.O. Box 102148

4630 Bochum 1, GERMANY

Prof. Eystein Husebye
NTNF/NORSAR

P.O. Box 51

N-2007 Kjeller, NORWAY

David Jepsen

Acting Head, Nuclear Monitoring Section
Bureau of Mineral Resources

Geology and Geophysics

G.P.O. Box 378, Canberra, AUSTRALIA

Ms. Eva Johannisson

Senior Research Officer
Nanonal Defense Research Inst.
P.O. Box 27322

S-102 54 Stockholm, SWEDEN

Dr. Peter Marshall

Procurement Executive

Ministry of Defense

Blacknest, Brimpton

Reading FG7-FRS, UNITED KINGDOM

Dr. Bernard Massinon, Dr. Pierre Mechler
Societe Radiomana

27 rue Claude Bernard

75005 Paris, FRANCE (2 Copies)

Dr. Svein Mykkeltveit
NTNT/NORSAR

P.O. Box 51

N-2007 Kjeller, NORWAY (3 Copies)

Prof. Keith Priestley

University of Cambridge

Bullard Labs, Dept. of Earth Sciences
Madingley Rise, Madingley Road
Cambnidge CB3 OEZ, ENGLAND

Dr. Jorg Schlittenhardt

Federal Institute for Geosciences & Nat'l Res.
Postfach 510153

D-3000 Hannover 51, GERMANY

Dr. Johannes Schweitzer
Institute of Geophysics

Ruhr University/Bochum
P.O. Box 1102148

4360 Bochum 1, GERMANY




