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Regional seismic observations of the 9 October 2006 underground
nuclear explosion in North Korea and the influence of crustal
structure on regional phases
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[11 The crustally guided shear wave, Lg, is typically the most prominent phase of a
nuclear explosion at regional distance. This Lg phase is analyzed often to discriminate a
nuclear explosion from a natural earthquake. In addition, the Lg phase allows us to
determine the size of the detonation. A nuclear explosion test in North Korea was
conducted on 9 October 2006. The epicenter was located close to the eastern shore of the
Korean Peninsula, resulting in raypaths that vary significantly according to the azimuths.
In particular, rays radiated in the southern direction experience lateral variation of crustal
structures at the continental margin. We examine the influence of raypaths on regional
seismic phases by comparing the spectra and waveforms from different raypaths. Three
natural earthquakes in North Korea are also examined to determine the raypath effect. We
find that the Lg from the nuclear explosion dissipated significantly as result of energy
leakage into the mantle resulting from variations in crustal thickness along the portion of
the raypath traversing the western tip of the Sea of Japan (East Sea). Some of the leaked
energy develops into mantle lid waves (Sn), causing a large energy increase to Sn. A
similar feature is observed in the records of natural earthquakes. This feature is confirmed
by seismic waveform modeling. The raypath effect also causes underestimation of
magnitude. The Lg body wave magnitude, m,(Lg), is estimated to be 3.8—4.2 for records

from pure continental paths and 2.6—3.4 for records from paths crossing continental
margins. This result illustrates the need to consider raypath effects for the correct
estimation of magnitudes of regional events, including a nuclear explosion.
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1. Introduction

[2] The crustally guided shear wave, Lg, is typically the
most prominent seismic phase on regional seismograms for
both natural earthquakes and nuclear explosions. The strong
excitation of regional shear waves from nuclear explosions
often makes it difficult to distinguish seismic records of a
nuclear explosion from those of earthquakes at low fre-
quency without sophisticated analysis of seismic data, such
as P/Lg ratio analysis, which is particularly useful at high
frequencies (3—4 Hz) [e.g., Walter et al., 1995; Taylor,
1996; Fisk, 2006]. Thus understanding the mechanism of
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shear wave excitation from underground nuclear explosions
(UNEs) is a key issue in nuclear seismology. However,
many aspects of shear wave excitation from UNEs still
remain unclear despite significant advances in the study of
plausible mechanisms [e.g., Massé, 1981; Wallace et al.,
1985; Day and McLaughlin, 1991; Xie and Lay, 1994,
Patton and Taylor, 1995]. Furthermore, the rock responses
to nuclear explosions, such as rock cracking and cavity
coupling, are not well understood. In addition, the influence
of the oceanic environment on regional wave development
has rarely been investigated, although regional wave atten-
uation in continental environment has been widely studied
[e.g., Nuttli, 1981; Xie and Patton, 1999].

[3] The recent nuclear explosion test of North Korea on
9 October 2006 has raised a number of issues including:
(1) whether the seismic waveforms are similar to previous
UNEs in other areas; (2) why the initial magnitude estimate
varies so widely; and finally, (3) whether raypaths through
the continental margin beneath the Sea of Japan (East Sea),
which are the major raypaths from the UNE to the stations in
South Korea, impact regional waveforms. The possible
raypath effect may be closely related to the other issues and
thus is a focus of this study. We compare regional seismic
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waveforms and spectra from different raypaths. We present
my(Pn) and m,(Lg) estimates from various raypaths and
discuss the influence of raypaths on the development of
regional seismic waves.

2. Data and Geology

[4] A UNE test in North Korea was conducted on 9
October 2006. This nuclear explosion test was confirmed
later with the detection of xenon, a radioactive element
emitted during a nuclear fission reaction, in the air [Korea
Institute of Nuclear Safety, 2007]. The magnitude of the
UNE was reported to be 3.6—4.2, with an apparent dis-
agreement among international institutions (e.g., Korea
Institute of Geoscience and Mineral Resources: local mag-
nitude (M;) of 3.6; U.S. Geological Survey (USGS): body
wave magnitude (m,,) of 4.2). Note that the local magnitude,
M;, is based on the maximum amplitude in seismograms,
which typically corresponds to the Lg amplitude in regional
seismograms. The body wave magnitude, m;,, of USGS is
based on teleseismic phases, which are rarely influenced by
the crustal structure along the raypath.

[s] The nuclear explosion test was well recorded at
regional distance seismic stations in the southern Korean
Peninsula and neighboring countries. We collect broadband
seismic records from stations in South Korea and China
(Figure 1). We also examine regional records for three
natural earthquakes that occurred in or around North Korea
in order to identify the characteristic features of the UNE
(Table 1 and Figure 1). The epicentral distances between
events and stations range from 370 to 671 km.

[6] The major geological structure of the Korean Penin-
sula consists of three massifs (Nangrim Massif, Kyonggi
Massif, Yongnam Massif) that are separated by intervening
tectonic belts (Imjingang Belt, Okchon Belt, etc.) (see
Figure 1b) [e.g., Chough et al., 2000; Sagong et al.,
2003]. The continental shelf on the western edge of the
Sea of Japan (East Sea) composes the continental margin
that transforms a normal continental crust to either a rifted
continental crust or an oceanic crust [Chough et al., 2000;
Cho et al., 2004; Yu, 2006]. The lower crust in the
continental margin off the southeast of the Korean Penin-
sula is underplated by intrusive solidated magma, which
causes abrupt seismic velocity increases in the lower crust
because of the emplacement of dense magmatic materials
[Cho et al., 2004].

[7] The Moho depth is shallow in central Korea and
relatively deep in southern and northern Korea, with ranges
between 28 and 38 km [Chang and Baag, 2005; Yu, 2006].
The crustal thickness decreases rapidly with distance from
the eastern shore of the peninsula toward the Sea of Japan
(East Sea) (Figure 1b). The center of Gyeongsang Basin
composes the maximum crustal thickness in southern
Korea, with a notable high-velocity structure in the lower
crust at the southeastern end [Chang and Baag, 2005; Cho
et al., 2006].

3. Waveform Variation

[8] Regional seismic wavefields from both nuclear explo-
sions and natural earthquakes typically consist of mantle lid
head waves (Pn and Sn), crustally reflected (or guided)
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waves (Pg and Lg), and fundamental mode Rayleigh waves
(Rg) (Figures 2, 3, and 4) [e.g., Hong and Xie, 2005]. Since,
however, the Rg waves from nuclear explosions are typi-
cally weaker than those from natural earthquakes [Patton,
2001], the regional seismic records for underground nuclear
explosions are usually dominated by Lg.

[9] The crustal-guided shear waves (Lg) from the UNE,
however, are observed to vary with the great circle direction
(Figure 2a). Stations (BRD and MDJ) with great circle paths
over the continental crust have strong Lg waves, while
stations (DGY, UCN, ULJ, WSN, BUS, and KRN) with
great circle paths crossing the continental margin have weak
Lg energy. The stations (SEO, SES, and CHC) with great
circle paths that partly cross the structure beneath the Sea of
Japan (East Sea) have an intermediate-strength Lg phase
(Figure 2a). The peak-to-peak amplitudes of Lg phases for
the UNE are presented in Figure 5a. The extinction of the
Lg phase along a path that includes a thin crust is well
documented [Ewing et al., 1957; Kennett, 1986]. These
observations have been confirmed with numerical models
[Zhang and Lay, 1995; Kennett and Furumura, 2001].

[10] The Lg amplitude variation by raypath is consistently
observed in the records for event A, which shows a similar
great circle path distribution (Figure 2b). The record sec-
tions for which great circle paths are mainly (or fully) over
continental crust display prominent Lg energy (Figure 3).
Regional seismic waves from event B travel great circle
paths that lie entirely along the continental crust. Event C
observations consist of great circle paths that cross the
continental margin. The crustally guided shear waves are
clearly observed to distances of 790 km for event B and
420 km for event C, despite relatively low magnitudes
(Figures 2c, 2d, and 5c).

3.1. Waveforms From Continental Margin Paths

[11] Comparison of seismic records at similar epicentral
distances allows us to examine the waveform variation with
raypaths (Figure 4). Since the distances are similar, we
assume that the geometrical-spreading effect can be ignored.
Stations UCN and DGY are to the east relative to stations
SEO and CHC. Stations UCN and DGY have longer
continental margin paths than stations SEO and CHC.
The records from the stations with primarily continental
paths (western stations; SEO and CHC) display strong Lg
phases, while those with longer continental margin paths
(eastern stations; UCN and DGY) display weak Lg phases
(Figure 4b). This feature is consistently observed in the
station pairs for event A as well (Figure 4d). Note that the
distribution of great circle paths for event A is similar to
that for the UNE. In addition, the magnitudes of the two
events are comparable (M4.2 for UNE, M4.1 for event A).
We also observe that stations at similar distances display
different Sn composition for both the UNE and event A;
station DGY displays a strong Sn phase, while station
CHC shows a weak Sn phase (Figures 4b and 4d).

[12] We now compare the spectra of Sn and Lg between
two nearby stations, CHC and DGY (Figure 6). The spectra
of station BRD, which lies on a pure continental raypath,
are presented for reference. Here the epicentral distances (L)
from the events (UNE and event A) to station CHC are very
close to those to station DGY: L = 406.6 km (CHC) and
402.1 km (DGY) for the UNE and L =327.9 km (CHC) and
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