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Online Material: Figures of Pn waveform comparisons and
spectral ratios; tables of Pn differential times and parameters
for events used in the study.

INTRODUCTION

On 12 February 2013, North Korea conducted its third and
the largest nuclear test to date in the China–North Korea
border area. According to local news, people living in nearby
Chinese cities experienced shaking from this explosion. The
U.S. Geological Survey (USGS) reported the explosion was
located at (41.301° N, 129.066° E) and the magnitude was
M 5.1. This event trigged abundant regional seismic phases
in northeast China, Korea, and Japan. Because of its large mag-
nitude, the seismic records from this event showed better
signal-to-noise ratios than those from previous two nuclear
explosions. Illustrated in Figure 1 are broadband regional seis-
mograms at station MDJ for three North Korea nuclear tests.
These waveforms are highly similar, all are featured with abrupt
P-wave arrivals, weak Lg phases and well-developed short-
period Rayleigh waves. We collect the regional waveforms re-
corded on China National Digital Seismic Network (CNDSN),
Global Seismic Network (GSN), and Japan F-net to investigate
the 12 February 2013 North Korean nuclear test.

RELOCATION, DISCRIMINATION, AND YIELD
ESTIMATION

High-Precision Location
By adopting the relative location method (e.g., Schaff and
Richards, 2004; Zhang et al., 2005; Wen and Long, 2010;
Murphy et al., 2013), and using the first North Korean nuclear
test on 9 October 2006 as the master event, we calculate the
origin times and locations of the 25 May 2009 and the 12 Feb-
ruary 2013 North Korean nuclear tests (hereafter, referred as
NKT1, 2, and 3) based on their Pn arrival-time differences.
High-quality seismograms are selected from 57 regional seismic
stations (including 5 CNDSN stations, 4 GSN stations, and 48
F-net stations), with their locations shown in Figure 2a and
station parameters listed inⒺ Table S1 in the electronic supple-
ment. Illustrated in Ⓔ Figure S1 (in the electronic supplement)
are selected Pn waveforms from vertical component seismograms.
In order to calculate differential times (Schaff and Richards,

2004), the Pn waveforms are band-pass filtered between 2.0
and 10.0 Hz and sampled by a 2 s time window starting from
the Pn first arrival. Then the cross correlation are applied to the
windowed waveforms to obtain 100 Pn differential travel times,
as shown in Ⓔ Table S1 (in the electronic supplement).

Detonated within very close proximity, the observed
seismograms from these North Korean nuclear tests are very
similar at a given station. Given that the instrument and site
response are the same, and propagation paths are nearly the
same, we attribute the differential travel times to their relative
locations, and detailed source parameters and near-source
structures (e.g., Pn velocity beneath the test site), the burial
depths, and the origin times. Because of the trade-off between
burial depth and origin time, we only include origin time in
calculations. Finally, we create a model with seven parameters,
that is, the longitudes and latitudes of NKT2 and NKT3, the
Pn velocity beneath the test site, and two origin times, to fit the
observed Pn differential travel times. Because the stations are
unevenly distributed azimuthally, we group the data into 20°
azimuthal bins and set up a weighting function to balance their
contributions. The best-fit model parameters are listed in
Table 1, and shown in Figure 2b. The epicenters of NKT2
and NKT3 are (41:2936� 0:0003°N, 129:0770� 0:0006°E)
and (41:2923� 0:0004°N, 129:0727� 0:0006°E], approxi-
mately 2.7 and 3.0 km away from the NKT1. The NKT3 is
about 125 m south and 360 m west of the NKT2. Based on the
error ellipses, the geographic precision of the relocation is
52 m. The revised origin times for NKT2 and NKT3 are
00:54:43.110 UTC and 02:57:51.270 UTC, respectively.
The uppermost mantle P-wave velocity beneath the test site
is estimated to be 7:98� 0:15 km=s, consisting with previous
studies (Rapine and Ni, 2003; Wang et al., 2003; Hearn et al.,
2004; Liang et al., 2004; Pei et al., 2007; Zhao et al., 2012).

Discrimination Based on Network P = S Spectral Ratios
Because the explosion is an inefficient S-wave source, the
P=S-type spectral ratios of regional phases, that is, Pg=Lg ,
Pn=Lg, and Pn=Sn, are widely used in explosion event dis-
crimination (e.g., Taylor et al., 1989; Walter et al., 1995;
Xie, 2002; Fisk, 2006; Richards and Kim, 2007; Zhao et al.,
2008). For the North Korean nuclear explosions and a group
of nearby earthquakes, we first set proper time windows
for selected phases and calculate their Fourier spectra from

130 Seismological Research Letters Volume 85, Number 1 January/February 2014 doi: 10.1785/0220130103



the vertical-displacement waveforms on stations with pure
continental paths (Zhao et al., 2008). After distance correc-
tions (Hartse et al., 1997; Zhao et al., 2008) and eliminating
the data with signal-to-noise ratios lower than 1.8, we calculate
their P=S spectral ratios at individual stations followed by their
network averages. Ⓔ Figure S2 in the electronic supplement
material gives observations at individual stations along with
network averages and standard deviations. In principle, the
data from individual stations show scatters while network aver-
ages effectively reduce scatters and are more reliable. Illustrated
in Figure 3a–c are the Pg=Lg , Pn=Lg, and Pn=Sn ratios, re-
spectively. In all cases, explosion and earthquake populations
are fully discriminated at frequencies above 2.0 Hz, indicating
an explosion within this magnitude range detonated in China–
North Korea border area can be determined by a regional net-

work without ambiguity. The network averaged P=S ratios ap-
pear to depend on the event sizes with larger event show
slightly higher ratio. This phenomenon may be related to
the P- and S-wave excitation mechanisms for explosion sources
and depth dependence (e.g., Fisk 2006; Murphy et al., 2008).

Body-Wave Magnitude mb�Lg� and Yield Estimation
Figure 4a shows a regional seismic network composed of 11
stations, which has been used for investigating the source sizes
of the NKT1 and NKT2 (Zhao et al., 2008, 2012). Here, we
use a regional dataset (685 broadband waveforms from 98
regional events between December 1995 and February
2013, listed in Ⓔ Table S2 in the electronic supplement)
and a broadband attenuation model (Zhao et al., 2010) to
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▴ Figure 1. Seismograms recorded on MDJ from three North Korean nuclear tests in 2013, 2009, and 2006. Illustrated are normalized
vertical displacements. The event date, maximum amplitudes, and epicenter distances are listed on the left. Marks on the waveforms
indicate apparent group velocities. Note that the waveforms show similar features and display clear impulsive P-wave onset, relatively
weak Lg phases, and 3–5 s period Rayleigh waves.
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▴ Figure 2. (a) Map showing the locations of the North Korea test site (red star), and CNDSN (solid circles), GSN (solid squares), and F-net
(triangles) stations used for relocation. (b) The topography and the locations of three North Korean nuclear tests.
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calibrate the regional network and use it to obtain the Lg-wave
magnitude mb�Lg� � 4:91� 0:22 for NKT3.

To estimate the yield from the magnitude at an uncali-
brated test site such as the North Korea test site, the empirical
relations from calibrated regions may be adopted based on cer-
tain assumptions. Shown in Figure 4b are mb�Lg�-yield rela-
tions for Nevada test site (NTS; Nuttli, 1986), Novaya Zemlya
(Bowers et al., 2001), and East Kazakhstan (Ringdal et al.,
1992; Murphy, 1996). For comparison, also shown in Figure 4b
are three chemical explosions with known yields (Richards and
Kim, 2007; Zhao et al., 2012). The reported yield is the weight
of ammonium nitrate explosive used in these chemical explo-
sions (X. K. Zhang, personal comm., 2013). Because the
ammonium nitrate explosive is less powerful than the trinitro-
toluene (TNT), we roughly assume that 1 ton ammonium ni-
trate explosive equals to 0.5 ton of TNT equivalent. From the
Non-Proliferation Experiment it is known that chemical explo-
sions are more efficient at generating seismic signals by about a
factor of 2 compared to nuclear explosions, if both are counted
with their TNT equivalents (Denny et al., 1996). After these
conversions, the yields of these chemical explosions are shown
in Figure 4b (refer to Zhao et al., 2012). For an explosion of
magnitude 4.91, these empirical relations are rather close, re-
sulting in yields 4.04, 7.47, and 8.34 kt for NKT3 (solid line in
Fig. 4b). Comparing the regional geology and upper mantle Pn
velocity near North Korea test site with those in East Kazakh-
stan, Novaya Zemlya, and NTS, Zhao et al. (2008, 2012) pre-

ferred the fully coupled hard-rock site equation by Bowers et al.
(2001). Using this relationship, the yield estimated for NKT3
is 7.47 kt. This value is based on the scaled depth. However, if
the NKT3 is strongly overburied, the yield may be underesti-
mated. As a comparison, the dashed lines in Figure 4b illustrate
the magnitudes of NKT1 and NKT2.

DISCUSSIONS AND CONCLUSION

Based on broadband regional seismic data recorded in China,
South Korea, and Japan, we investigate the location, P=S spec-
tral ratio based discrimination, Lg-wave magnitude and the
yield of the 12 February 2013 North Korean nuclear test. The
locations and origin times of NKT2 and NKT3 are strongly
dependent upon the accuracy of the reported time and location
of NKT1 (Wen and Long, 2010). Because of the different
datasets used, there remain minor biases between locations re-
ported here and those from Wen and Long (2010) and Zhang
and Wen (2013). The P=S-type spectral ratios are powerful
discriminants to separate explosions from earthquakes. Based
on single station data, Richards and Kim (2007) calculated
the Pg=Lg spectral ratios for NKT1, four chemical explosions
and selected earthquakes near the North Korean test site. The
spectral ratios overlapped significantly under 7 Hz but were
fairly well separated at 9 Hz and above. By adopting the
network averages, Zhao et al. (2008) found that P=S spectral
ratios can effectively separate NKT1 from nearby earthquakes

Table 1
Location and Time of North Korean Nuclear Tests

NK Nuclear Test Data (yyyy/mm/dd) Latitude (°N) Longitude (°E) Origin Time (hh:mm:ss)
2006 2006/10/09 41.2874* 129.1083* 01:35:28.000†

2009 2009/05/25 41.2936 129.0770 00:54:43.110
2013 2013/02/12 41.2923 129.0727 02:57:51.270

*From satellite images (Wen and Long, 2010).
†From USGS (Wen and Long, 2010).
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▴ Figure 3. The network-averaged spectral ratios for (a) Pg= Lg, (b) Pn= Lg, and (c) Pn= Sn from 7 regional events including three North
Korean nuclear explosions and four nearby earthquakes (parameters are listed in Ⓔ Table S2 in the electronic supplement).
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at frequencies above 2 Hz. In this paper, the similar technique
is tested to other North Korean nuclear tests (Fig. 3). The re-
sult confirms complete separation of explosion and earthquake
populations above 2 Hz, indicating explosions similar to North
Korean nuclear tests detonated in this region have good oppor-
tunity to be discriminated by a regional network. Considering
the uncertainties of the source depth, the yield estimation for
NKT3 is preliminary.
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