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ANALYSIS OF DIGITAL SEISMOGRAMS FROM NUCLEAR EXPLOSIONS ACROSS FORTY YEARS

P.G. Richards, W.-Y. Kim
Lamont-Doherty Earth Observatory of Columbia University, New York, USA

It is remarkable that the most recent nuclear test explosion, by North Korea (2006 October 9), although quite small,
was well-detected teleseismically. We describe how this event was promptly identified as an explosion and not an
earthquake, on the basis of regionally recorded signals, in a region that apparently would have permitted such
identification even if the test had been much smaller. The work of identifying underground nuclear explosions in a
particular region on the basis of their seismic signals is greatly assisted by the availability of high-quality signals from
both explosion (chemical or nuclear) examples, and earthquake examples, previously recorded in that same region. The
Borovoye Geophysical Observatory is very important for its digital seismogram archive of nuclear explosions going
back to 1966, recorded from underground nuclear tests at teleseismic and regional distances, from test sites operated by
the recognized nuclear weapons states. We briefly describe a current effort to improve the quality and usability of this
archive.

INTRODUCTION

Our title for this paper is chosen to include two subjects. First, we describe seismic signals from the underground nuc-
lear test explosion of 2006 October 9, conducted by North Korea, as recorded by a high-quality station at a distance of
about 370 km, and the way in which it was possible promptly to identify these signals as coming from an explosion and
not an earthquake. Second, we briefly describe the archive of seismic signals from nuclear test explosions recorded digi-
tally at Borovoye beginning in 1966, and the way in which this archive is still being improved today, by removing
glitches and adding information on instrument responses, to help build confidence in global efforts to monitor com-
pliance with the Comprehensive Nuclear-Test-Ban Treaty (CTBT).

NORTH KOREA NUCLEAR TEST: SEIsmMIC DISCRIMINATION AT Low YIELD

Numerous stations at teleseismic distances detected signals from the North Korean nuclear test of 2006. Within a few
hours of its occurrence, the U.S. Geological Survey (USGS) reported on the web a location estimate based on data from
20 stations, and a magnitude. The USGS location estimate was revised slightly after a few days. Its so-called PDE loca-
tion (a “preliminary determination of epicenter” based on seismic signals reported from 31 stations around the world)
and its seismic magnitude (from ten stations) are given as 41.294 deg N, 129.093 deg E, and mb(P) = 4.3. Further in-
formation on the USGS effort is given by Koper et al. [3].

The source region consists of Precambrian gneiss and schist with Cretaceous granitic intrusions, and for such hard rock
the reported magnitude corresponds to a yield on the order of one kiloton. Although small compared to most nuclear
tests, an explosion of this size could still have enormous effects and consequences if actually used as a weapon. This
test was announced by North Korea, and there was intense interest internationally in the event. Many newspapers and
TV stations wanted basic information on the test itself, including examples of the seismic signals, and an interpretation
of what the expert community was learning from them. Conflicting reports were being given, of the likely yield of this
test. In this circumstance, seismologists at Lamont-Doherty Earth Observatory, located not far from the headquarters of
major news-media headquarters in New York City, gave many interviews, and provided relevant seismograms and in-
terpretations of their main features that were promptly published (for example, by the New York Times on October 10,
2006).

We analyzed seismic records from this nuclear test and compared them with similar records from eight earthquakes in
the vicinity as well as from four known chemical explosions in the region. In particular we studied 3-component P/S
spectral ratios, and concluded that the event was explosive based upon a comparison of its seismic records from two
GSN (Global Seismographic Network) stations — MDJ and INCN — with seismic records at the same stations from
known explosions and earthquakes in the region. Our results show that identification of explosions in this region can be
done even down to a very small fraction of a kiloton, provided seismic data of the type available in October 2006 con-
tinue to be available.

Figure 1 (on the left) shows the location of the 2006 October 9 North Korean test together with locations of eight small
earthquakes and four small chemical single-fired explosions.
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Symbols: red star — location of the North Korea nuclear test; red circle — a nearby earthquake; red triangle — a nearby chemical explo-
sion; hexagons — seismographic stations whose data are openly available (most notably station MDJ) ; encircled black triangle — IMS
stations.

Figure.1.The locations of North Korea nuclear test, nearby stations, earthquakes and explosions in the North Korea-China region:
on the left — general map; on the right —detailed map

Figure 1 (on the right) shows further detail on the location of eight small earthquakes and four small chemical explo-
sions in the vicinity of the North Korea nuclear test. An error ellipse around the estimated location of the nuclear test
indicates the 90% confidence region for the location uncertainty. In the Table below is the list of events which are
shown in figure 1 and for which seismic records are included in this article below.

Table. Events for which seismograms are shown in this paper

Date Origin time Lat. Long. H Mag. Region Dist. Baz

(yr/mo/dy) (hh:mm:s) (°N) (°E) (km) (M) (km) (°)
Nuclear Test

2006/10/09 | 01:35:28.0 | 41.294 [ 129.094 | 0 [ 43 | NORTHKOREA | 3713 | 187
Earthquakes

1994/01/25 08:51:38.2 42.23 127.12 04 4.0 NE CHINA 332.0 218

1997/10/08 18:54:09.1 42.17 129.33 05 3.6 NORTH KOREA 272.9 185

2002/12/24 15:57:56.6 41.95 128.15 14 25 NORTH KOREA 318.6 202

2004/09/08 14:24:21.1 42.10 128.02 23 3.6 NE CHINA 307.3 205

2004/12/16 18:59:14.5 41.79 127.94 10 4.0 NORTH KOREA 341.6 204

Chemical Explosions

1998/08/12 15:00:08.1 42.87 128.22 0 1.0 NE CHINA 223.6 210

1998/08/18 14:00:06.7 42.91 129.32 0 2.0 NE CHINA 190.6 187

1998/08/19 15:00:07.8 42.09 128.74 0 1.9 NE CHINA 289.2 194

1998/08/25 15:00:07.5 42.43 126.75 0 1.0 NE CHINA 3344 224

h = focal depth in kilometers; Mag. = Local magnitude for chemical explosions and earthquakes and m(P) for the nuclear test; Dist. =
distance in kilometers from the station MDJ to the event; Baz = Azimuth of event from the station MDJ in degrees measured from North.

Figure 2 shows three-component seismograms at station MDJ, in northeast China — from the three events shown in red
in Figure 1. These three are: the nuclear explosion; one of the eight small earthquakes; and one of the small chemical
explosions. Figure 3 shows seismograms from four of the earthquakes noted in Figure 1 and from all four of the small
chemical explosions, as recorded at station MDJ. Traces are referred to the origin time for each event. The event date,
origin time and local magnitude are indicated. Seismograms are ordered in increasing distance for each type of seismic
source. These signals were recorded on an instrument with a response proportional to ground velocity over a broad fre-
quency band, and are shown here after being passed in the band from 1 to 15 Hz
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Figure 2. Three-component seismic records (Z, vertical; NS, =
north-south; EW, east-west) at station MDJ: a - the nuclear test W3 e S0 R FD R0 D e 1Em A
of 2006 October 9, with strong P-waves, a short-period Rayleigh Hree ‘;‘”’
wave (Rg, indicating a shallow source), and weak shear waves
(Lg). b - a small earthquake (located at the red circle shown in Figure 3. Vertical-component seismic signals at station MDJ.
Figure 1) on 2004 December 16. It lacks Rg and has relatively Seismograms: a - from four earthquakes that occurred in North
strong shear waves, ¢ - a single-fired chemical explosion (lo- Korea and Northeastern China within 200 km of each other;
cated at the red triangle in Figure 1) on 1998 August 19. Traces b - Seismograms from four chemical explosions carried out in
are aligned on P-arrivals August 1998 in Northeastern China

And Figure 4 shows a comparison of spectral ratios for the Pg and the Lg phases for all eight earthquakes, for four
chemical explosions, and for the event of main interest — the North Korean nuclear test. A mean value at each discrete
frequency is plotted for earthquakes (solid circles) and explosions (solid triangles), with a colored bar used to indicate
the scatter (+ one standard deviation). The earthquake results are offset slightly to the left of each frequency grid point,
and the chemical explosion results are offset to the right, to avoid superposition that would obscure the results. The
chemical explosions clearly have higher P/S spectral ratios than the earthquakes at almost all frequencies. Separation of
the two populations is better at high frequencies. The event of 2006 October 9 clearly falls in with the explosion popula-
tion. Since the chemical explosions had very low yields (one or two tons), we may conclude that discrimination of ex-
plosions can be done in this region even at the level of a few per cent of one kiloton, provided data of the quality of the
MDJ station are available
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Figure 4. Three-component Pg/Lg spectral ratios at eight discrete frequencies are plotted for earthquakes, chemical explosions, and
the nuclear test

It is very clear from Figure 4 that the nuclear explosion falls into the explosion category and is not a natural earthquake.
We note that successful discrimination for this event using seismological methods has been reported by several authors,
including Che et al. [1], Kveerna et al. [4] and Koper et al. [3]. The last of these papers presents a discussion of the way
in which estimates of the yield are dependent upon depth of burial.

In practice it is not possible to distinguish seismically between a small underground nuclear explosion and a large sin-
gle-fired chemical explosion. The fact that radionuclides were reported from this test by several different groups, is im-
portant as an indication of how greatly the capability for radionuclide monitoring has improved since this technology
began to be used by the International Monitoring System.

THEBOROVOYE SEISMOGRAM ARCHIVE

There have been very few nuclear test explosions since the Comprehensive Nuclear-Test-Ban Treaty was opened for
signature in 1996. This is fortunate from the point of view of establishing an international norm of behavior, but for
purposes of building experience today, in seismic discrimination between earthquakes and explosions, it is then neces-
sary to search archives acquired many years ago during the period when nuclear tests were being conducted much more
frequently, in order to find examples of the type of explosion signals that modern monitoring networks must be de-
signed to detect and identify. The archive of the Borovoye Geophysical Observatory (BRV) plays a very important role
here, because of its extensive archive of digital seismic recordings, beginning in 1966, from 711 underground nuclear
tests conducted by the USSR (339 events recorded by BRV), China (11 events), France (68), the United Kingdom (15),
and the United States (278).

During the years from 1997 to 2000, with funding from the International Science and Technology Centre, scientists at
Lamont-Doherty Earth Observatory, the National Nuclear Centre of the Republic of Kazakhstan, and the Russian Acad-
emy of Sciences’ Institute of Dynamics of the Geosphere, worked to transfer this archive from thousands of Soviet-era
magnetic tapes to a modern database that is easily transferable today between different types of modern recording me-
dia. The BRV digital archive of nuclear explosion waveforms from 711 underground nuclear explosions worldwide
became generally available in April 2001 (for example, via
http://www.ldeo.columbia.edu/res/pi/Monitoring/Arch/BRV_arch_exp.html). The archive of nuclear explosion signals
was issued as a series of modern databases, described by Kim and others in a report available today as a 41-page PDF
file via http://www.ldeo.columbia.edu/Monitoring/Data/Brv_arch_ex/brv_text table.pdf . Of particular interest here,
because they were recorded at regional distances, are the digital seismic signals obtained at BRV from 228 underground
nuclear tests recorded at approximately 700 km from Soviet nuclear testing at the Semipalatinsk Test Site; and from 11
underground nuclear tests recorded at approximately 1800 km from nuclear testing by China at the Lop Nor Test Site.
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When the BRV archive was made generally available in 2001, the decision was made that it be essentially in its original
unprocessed form (though with basic header information), but converted to a modern and widely use format for digital
seismic data (CSS3.0). The original Soviet-era recordings had some severe problems, most notoriously that the digitizer
typically did not write a count value on seismic waveform channels at the time when the time channel was writing the
marker for an integer second. Also, the original recording system addressed the practical problem of input signal with
wide dynamic range by having several different channels set at different gain levels, each recording with a limited num-
ber of bits (often, only 11 bits), so that although each underground nuclear explosion was usually recorded on several
channels, in practice these channels were often either clipped or had inadequate resolution. In either case, it has proven
difficult to obtain good spectral measurements from the Borovoye archive without addressing the difficulties described
above. But despite these difficulties, ways to extract the underlying information have been found. For example, empiri-
cal travel-time information, needed to generate Source Specific Station Corrections for the modern BRVK station
(which today is part of the International Monitoring System), can be obtained by picking first and secondary arrivals
from a high-gain channel. The spectrum of the strongest ground motion is often best obtained from one of the lower-
gain channels. Fortunately, even for a channel that is clipped on the largest amplitudes, coda studies can be conducted
using the later part of the recorded signal.

Here, we may note that three different sets of Soviet-style instruments and recording systems were deployed at BRV
from 1966 to 1996. We know them as the KOD, STsR-SS, and STsR-TSG systems (sometimes abbreviated to KO or
KOD, SS, and TS or TSG). The first BRV digital seismic system, KOD, began recording in 1966 and operated conti-
nuously from 1967 to 1973. It is based on three-component short-period seismometers, and is important as one of the
few digital seismic systems anywhere in the world in the late 1960s and early 1970s. The other two Soviet-era BRV
digital systems began operation in February 1973. STsR-SS is intended mainly for low-gain recording. STSR-TSG in-
cludes six long-period and seven short-period Kirnos seismometers, in most cases recorded at two gain levels, for a total
(SS + TS) of 20 data channels. The highest sensitivity is 100,000 counts/micron based on a short-period Kirnos with a
special magnet and a low-noise amplifier. This instrument was important at BRV for teleseismic monitoring of numer-
ous French and U.S. underground nuclear explosions (with capability for detection down to one kiloton at the Nevada
Test Site of the United States). But for purposes of developing good discriminants from regional signals the high gain
channel is not so important today as the lower-gain channels, on which regional signals have been recorded from under-
ground nuclear explosions in and near Central Asia. Kim and Ekstrém [2] have published details of the STSR-TSG in-
strument responses (many channels, extending across almost three decades in frequency). All of these main systems are
approximately flat to ground displacement over a range of frequencies. With the different instruments and gain levels,
the BRV station as a whole had a dynamic range around 135 dB during the Soviet era.

In view of the importance of the Borovoye digital seismogram archive of underground nuclear explosions, we have
been working on a project to remove the glitches in the archived recordings, and to combine the corrected recordings
with detailed instrument responses in order to reproduce, as far as may be possible, modern broadband recordings of
numerous events from underground nuclear explosions conducted several decades ago. This work is enabled, in part, by
the fact that as different instrumental systems were introduced at Borovoye, they overlapped with previous systems.
Thus in July 1994, when Won-Young Kim deployed a modern broadband seismometer (STS-2 with TO = 120 sec) and a
24-bit A/D datalogger on the same seismic pier with the Borovoye archive seismic systems under the auspices of the
IRIS Joint Seismic Program (JSP), he arranged with operators at the Borovoye Geophysical Observatory to continue
running the then-existing STSR-SS and STsSR-TSG systems for the purpose of calibrating waveform data from those
systems at a later date. Hence, there are waveform data from both the TSG system and modern BRVK broadband sys-
tems during 1994-1996, which, together with information obtained from log books, have assisted in providing complete
calibration of the TSG system. In particular, the four underground nuclear explosions from French test sites at Mururoa
and Fangataufa conducted in 1995-1996, and two from the Lop Nor Chinese test site, 1994 October 7, and 1995 May
15, were recorded by the TSG system and by a modern STS-2 system.

In this paper we give two examples of what can be done with the Borovoye waveforms. Figure 5 shows the successful
removal of numerous glitches, and Figure 6 shows how it is even possible to synthesize a broadband signal from com-
bining the deglitched waveforms from separate channels. The records from the 14 September 1988 UNE , conducted as
part of the Joint Verification Experiment, at the Balapan region of the Semipalatinsk test site (recorded by the TSG sys-
tem at BRV) are used as an example in figure 6.
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Figure 5. An example of data deglitching: the first top plot shows Figure 6. An example of a broadband seismic record (bottom

the raw time series; the second top plot - time series after seismogram) synthesized using long- and short-period seismo-
deglitching, for 10 minutes of data, including a long segment of grams (top two seismograms) recorded by the TSG system at
coda waves; the lower plot (black) is an enlargement of 200 s of BRV

data, centered on the main signal. The deglitched waveform is
plotted in red

Our goal in the effort to improve the quality of the Borovoye archive of explosion recordings, by removing glitches and
correcting for instrument responses for signals at regional distances, is to provide an openly-available dataset that can
enable a variety of research efforts to evaluate practical discriminants and thus to improve the capability to monitor
compliance with the CTBT. If we are successful, then our efforts will add to the work of many scientists in Russia and
Kazakhstan who originally established the quality of the Borovoye Observatory and who carefully acquired data at Bo-
rovoye over three decades.
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COHFBI 40 KBLTJIAFHI SITPOJIBIK JKAPBLIBICTAPIBIH IIA®PJILIK CEICMOT PAMMAJIAPBIH
TAJJAY

II. Puuapac, B.-S1. Kum
Konymous Ynusepcumeminin Jlamonm — Jloepmu XKep 6emindezi O6cepsamopusncor, Howo-Hopx, AKIIT

JXKaxpiHnarsl sapoinsIK okapbuibicTap, Mbicansl Conrycrik Kopesmarsr (2006 k. kasausbiH 9), omapiasiH a3
KyaTTBIFbIHAa KapaMai, ceiCMHUKaJIBIK KO3Kapachl KarbIHAH KaKChl TAOBUIFaH JKOHE JIepey, )KEePCIIKIHY eMec, )KapbuIbIC
Jen TaHeUaH. benrinenren 6ip aymakra SIPONBIK KAPBUIBICTAPIABI TAHYBI JKaPBUIBICTAPIBIH (XUMUSLIIBIK JKOHE
SIPOJIBIK) COHMAM-aK KEePCUIKIHYIepIiH OYpBIH TIPKEIreH carajibl CeHCMHUKAIBIK Ka3banapbina OainansicTel. OChiFan
KaTelcThl «bypabait» ceficMuKalBIK 00CEpBATOPHACH], SAPOJIBIK Kapybl 0ap MEMIICKETTEp JKYPri3reH SAPOIIBIK
JKapbUTbIcTap OOMBIHIIIA OENTiI SAPOIBIK MOMUTOHIAPIaH TeTIeCEHCMHUKAITBIK JKOHE ayMaKTHIK KAalTbIKTapbIHIaFe], 1966
K. OacrasFaH MyparaTThIK LUQPIBIK ceficMorpamMmanapbl apKachblHAa MAaHBI3AbI OONbIT TaOBUTAmBl.  SApONBIK



ChIHAYIapbiHA GOpiH CHIBIMABIPATHIH THIABIM caixy Typais! mapteie (ICBTII) konmay yiiiH OCbl MyparaTTBIH Carachl
MEH NaiJaIbUIbIFbIH XKaKcapTy OOHWBIHIIA KYII Calybl CHIIATTaIa bl

AHAJIN3 IAPPOBBIX CEUCMOTI' PAMM SIJIEPHBIX B3PBIBOB 3A IIOCJETHHUE 40 JIET

M. Puuapac, B.-51. Kum
Jamonm — Jloxepmcran 3emnan obcepeamopus Konyméuiickozo ynusepcumema, Horo-Hopx, CIIA

HenaBuue syepusie ucnobitanmsi, B wactaoctd, B CeBeproil Kopee (9 oxrsiopst 2006 r.), HecMOTps Ha wHX
MaJIOMOIITHOCTh, XOPOIIO OOHAPYKEHbI C CEHCMUYECKOW TOYKHM 3pEHHS M HE3aMEIIMTEIbHO PACIIO3HAHBI KaK B3PHIB, &
HE Kak 3emiieTpsiceHre. Pacrno3HaBaHue MOA3EMHBIX SICPHBIX HCIBITAHUI B OINPEIEICHHOM PETHOHE B 3HAUNTEIbHOU
CTEICHN 3aBHCHUT OT paHEEe 3apErHCTPUPOBAHHBIX 3JIeCh KAYECTBEHHBIX CEHCMUYECKMX 3alnceld KaK B3PBHIBOB
(XMMHYECKHX WM SIICPHBIX), Tak U 3emieTpsceHnil. ['eopusuueckas obcepBaropust «bopoBoe» oueHb BaxKHA B 3TOM
OTHOIIIEHHUH Oaromaps apXMBHBIM IIM(PPOBBIM CEHCMOTpaMMaM I10 SIAEPHBIM B3pbIBaM, 3apErUCTPUPOBAHHBIM, HAYHMHAS
eme ¢ 1966 r., Ha TemeceicMUUECKHX M PErHOHAIBHBIX PACCTOSHUSX OT M3BECTHBIX ITOJMI'OHOB, HCITOJIb30BaHHBIX
Jiep>kaBaMH, OOJNAJaBIINMHU SIIEPHBIM OpYKHEM. XapaKTepH3YIOTCSl YCWIIHS IO YIyYIIEHHIO KadecTBa M IIOJIE3HOCTH
JAHHOTO apXWBa IS MOAIEPKKH J[oroBopa o BCeoOheMITIOIIeM 3ampelieHuH siepHabix ucnsitanuii (OB3SIN).



	ANALYSIS OF DIGITAL SEISMOGRAMS FROM NUCLEAR EXPLOSIONS ACROSS FORTY YEARS
	СОҢҒЫ 40 ЖЫЛДАҒЫ ЯДРОЛЫҚ ЖАРЫЛЫСТАРДЫҢ ЦИФРЛЫҚ СЕЙСМОГРАММАЛАРЫН ТАЛДАУ
	АНАЛИЗ ЦИФРОВЫХ СЕЙСМОГРАММ ЯДЕРНЫХ ВЗРЫВОВ ЗА ПОСЛЕДНИЕ 40 ЛЕТ

