
Consortium for Verification Technology: Workshop - October 15th & 16th, 2015

EVALUATION**OF**A**SEISMIC*
EVENT,*12*MAY*2010,*IN*
NORTH&KOREA

Paul%G.%Richards,%Lamont5Doherty%Earth%Observatory,%Columbia%University



Includes work of 
 
Paul G. Richards  

Won-Young Kim  

David P. Schaff��
��at the Lamont-Doherty Earth Observatory of Columbia University, New York, USA 

Karl Koch��
��at Bundesanschtalt für Geowissenschaften und Rohstoffe (BGR), Germany  

 

 

for presentations in October, 2015  



Figure 1: The Korean peninsula seen from northwest and the stations where radioxenon and
radioxenon daughters were detected in mid-May 2010 (color figure available online).

From Lars-Erik De Geer, published in 2012:



Table 1: Xenon and barium isotopes detected at Geojin, Takasaki, Okinawa and Ussuriysk in May 2010. The hours, upper levels
and uncertainties at Geojin are given in italics to indicate that they are estimates based on good experience from similar
SAUNA spectra. Uncertainties are given for k = 1 and upper levels are based on a risk level for first kind errors of 5 percent. All
concentrations refer to an assumed constant value during the collection time, which is the standard way adopted by the
CTBTO23

Collection Collection 131mXe 133mXe 133Xe 135Xe 140Ba
Station start UTC stop UTC mBq/m3 mBq/m3 mBq/m3 mBq/m3 µBq/m3

Geojin 13 May 11:00 13 May 23:00 <0.2 <0.2 2.45 ± 0.2 10.01 ± 0.6
Takasaki 15 May 06:46 15 May 18:46 <0.02 <0.06 <0.10 <0.61
Takasaki 15 May 18:46 16 May 06:46 0.04 ± 0.03 <0.09 0.16 ± 0.07 <0.57
Takasaki 16 May 06:46 16 May 18:46 0.05 ± 0.03 <0.08 0.23 ± 0.06 <0.47
Takasaki 16 May 18:46 17 May 06:46 0.16 ± 0.07 <0.09 1.49 ± 0.11 <0.20
Takasaki 17 May 06:46 17 May 18:46 <0.04 <0.05 0.52 ± 0.07 <0.06
Takasaki 17 May 18:46 18 May 06:46 <0.11 0.10 ± 0.06 0.79 ± 0.09 <0.58
Takasaki 18 May 06:46 18 May 18:46 0.06 ± 0.03 <0.02 <0.10 0.42 ± 0.23
Takasaki 18 May 18:46 19 May 06:46 <0.07 <0.05 0.18 ± 0.06 <0.52
Okinawa 15 May 00:23 16 May 00:23 81.9 ± 3.6
Okinawa 16 May 00:23 17 May 00:23 22.7 ± 2.2
Okinawa 17 May 00:23 18 May 00:23 27.5 ± 2.2
Okinawa 18 May 00:23 19 May 00:23 28.1 ± 2.3
Okinawa 19 May 00:23 20 May 00:23 50.8 ± 2.9
Okinawa 20 May 00:23 21 May 00:23 43.8 ± 2.8
Okinawa 21 May 00:23 22 May 00:23 5.2 ± 1.6
Okinawa 22 May 00:23 23 May 00:23 5.0 ± 1.5
Ussuriysk 15 May 01:44 16 May 01:44 4.1 ± 1.4
Ussuriysk 16 May 01:44 17 May 01:40 <15
Ussuriysk 17 May 01:40 18 May 01:40 12.2 ± 2.3
Ussuriysk 18 May 03:44 19 May 01:49 5.3 ± 1.6
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!
!
De!Geer!wrote!(his!page!15):!
!
“The!May!2010!test!was!not!detected!by!any!seismic!station!or!
network!and!must!therefore!have!been!quite!lowEyield!(less!than!
50!ton!TNT!equivalent!or!possibly!up!to!some!200!ton!if!some!
decoupling!is!assumed).”!
!
!
(this!conclusion,!was!based!on!advice!received!via!a!phone!call!to!NORSAR…)!
! !
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We have attempted to detect seismic signals from small explosions in North Korea on
five specific days in 2010 that feature in scenarios proposed by De Geer. We searched
the seismic data recorded by station MDJ in northeastern China, applying three-
component cross-correlation methods using signals from known explosions as tem-
plates. We assess the capability of this method of detection, and of simpler methods,
all of which failed to find seismic signals that would be expected if De Geer’s scenarios
were valid. We conclude that no well-coupled underground explosion above about a ton
occurred near the North Korea test site on these five days and that any explosion would
have to be very small (local magnitude less than about 2) to escape detection.
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Figure 5: Twenty-four hours of MDJ data (showing the vertical component only, of ground
velocity) on 14–15 April 2010 in the frequency band from 1 to 16 hz. This is a compressed
display since each line represents sixty minutes of data sampled 40 times per second. Local
time is indicated at the beginning of each trace. Background noise levels are obviously
higher during working hours (from 7 a.m. to 7 p.m.), than during night hours (from 9 p.m. to 3
a.m.). During this 24-hour period there were 15 teleseismic events with mb greater than 4.5.
Expected P-wave arrival times from these teleseismic events are indicated by vertical bars,
and are identified by distance (given in degrees), magnitude, and event number (1 to 15).
Teleseismic signals that are discernable on the record are from several events that occurred
in Qinhai Province, western China (distance about 28◦) from 8 a.m. to 9 a.m. local time on
this day. There are several tens of impulsive signals during this 24-hour period. A conventional
signal detector based on comparison of the short-time average to the long-time average
detected most of these signals, and they are indicated by the symbol “d”. Among these
impulsive arrivals, six are identified as probably quarry blasts, here indicated by “Q”. From
measurement of the time between P- and S-wave arrivals, these signals are at distances in
the range from 40 to 220 km from MDJ and hence not in North Korea. Other impulsive signals
may be mostly due to local effects such as traffic, electric motors, and passing trains
(“cultural noise”). No signals have the characteristics of a source in North Korea. Amplitudes
of signals and noise are described in the text.

from some of them in Figure 5, which is for a 24-hour period, but they are
somewhat suppressed by our choice of the frequency band from 1 to 16 hz
which accentuates explosion signals. (Going down to 0.5 hz, would result in
much clearer detection of the teleseisms.)

Most of the detections, marked as “d” on this Figure (see caption), appear
as spiky features from local cultural sources occurring between 9 a.m. and



The main conclusions of our analysis in 2012 
were that 

• no well-coupled underground explosion above 
about a ton occurred near the North Korea 
nuclear test site in the year 2010 on the five 
days hypothesized by De Geer (i.e., on 2010 
April 14 – 16, and May 10 – 11); and that 

• any explosion would have to be very small 
(local magnitude less than about 2) to escape 
detection. 



○

E

Seismological Evidence for a Low-Yield
Nuclear Test on 12 May 2010 in North Korea
by Miao Zhang and Lianxing Wen

Online Material: Location uncertainty estimation; figures of
waveform comparison, location maps, and Pg/Lg spectral ratios;
tables of earthquake parameters and Lg-wave amplitude ratios.

INTRODUCTION

Three nuclear tests (in 2006, 2009, and 2013) conducted by
the Democratic People’s Republic of Korea (North Korea) are
all detected and confirmed by many governmental and
international agencies (e.g., the U. S. Geological Survey
[USGS] and the Comprehensive Nuclear-Test-Ban Treaty
Organization [CTBTO]). The locations and yields of these
tests have also been extensively studied by many research
groups (e.g., Richards and Kim, 2007; Koper et al., 2008; Zhao
et al., 2008, 2012, 2014; Murphy et al., 2010; Wen and Long,
2010; Chun et al., 2011; Zhang and Wen, 2013). However, it
is under intensive debate among the governmental agencies
and research groups whether North Korea has conducted other
small nuclear tests. In particular, De Geer (2012) reported the
detection of xenon and xenon daughter radionuclides between
13 and 23 May 2010 in four atmospheric radionuclide surveil-
lance stations, located in South Korea, Japan, and the Russian
Federation. He suggested the presence of barium-140 can be
explained only by a sudden nuclear event, with the correspond-
ing trinitrotoluene equivalent in a range of 50–200 t and the
estimated time-zero at 6:00! 18 hr= − 30 hr UTC on 11
May 2010 (De Geer, 2012; see also Brumfiel, 2012). The fissile
material of the possible mid-May 2010 nuclear test is indicated
as uranium-235 rather than the plutonium-239 inferred from
the radioxenon signal detected at Geojin in South Korea (De
Geer, 2012, 2013), althoughWright (2013) suggested they can-
not be clearly discriminated from atmospheric transport mod-
eling of the observed radionuclides. Other studies also obtained
similar findings based on the detected types and ratios of
isotopes (De Geer, 2013; Ihantola et al., 2013; Wotawa,
2013; Wright, 2013). Based on 2 hr time slices, a more accurate
time-zero is estimated to be 16:00 UTC on 12 May 2010 by
Ihantola et al. (2013), which is limited between 9:00 UTC
on 11 May 2010 and 13:00 UTC on 13 May 2010 based on
its 95% uncertainty. Wright (2013) concluded that the most
likely origin of the radionuclides is close to North Korea’s nu-
clear test site (NKTS). Coincidentally, on 12 May 2010, the
NorthKorean official dailymorning newspaperRodong Sinmun

reported that North Korea succeeded in nuclear fusion on the
Day of the Sun (http://www.kcna.co.jp/item/2010/201005/
news12/20100512‑05ee.html; last accessed July 2014), although
the report was ridiculed by the South Korean andWestern me-
dia (Brumfiel, 2012).

However, without seismic data or on-the-ground inspec-
tions to support the radioisotope data, it is impossible to verify
where the isotopes come from (Brumfiel, 2012). The study of
De Geer (2012) stirred a serious controversy about which rep-
resentatives of the U.S. government and CTBTO refused to
comment (Brumfiel, 2012; De Geer, 2013). So far, the first
and only attempt to search for seismic signal of possible nuclear
events in the reported period turned out to be negative (Schaff
et al., 2012). In that study, they tried to detect possible small
nuclear tests in the NKTS by applying the three-component
cross-correlation method on seismic waveforms recorded by
station MDJ, using the 2006 and 2009 nuclear tests as the tem-
plate. They failed to find any evidence for any underground
explosion detectable at that station in the five specific days
(14–16 April and 10–11 May) suggested by De Geer (2012).
Thus, there has not been any seismological evidence to support
the above radionuclide findings so far.

In the study of Schaff et al. (2012), only the seismic data
from one station (MDJ) are used, and MDJ is at a distance of
370 km from NKTS. Their study does not exclude the possibil-
ity that a low-yield event may have escaped detection because of
its weak signal at large distance or occurrence at other un-
checked time windows. In this study, we search for possible
events using regional seismic data recorded in April and
May 2010 in northeast China, within 200 km of NKTS, and
a newly developed event detection method called the match-
and-locate (M&L) method (M. Zhang and L. Wen, unpub-
lished manuscript, 2014). The M&L method is an effective
method for small event detection by stacking cross correlo-
grams between waveforms of the template events and potential
small event signals in the continuous waveforms over multiple
stations and components. Unlike the traditional match filter
method, which assumes that the template event and slave event
are sufficiently close that they generate effectively the same
waveform (apart from a scale factor) and effectively the same
time shift at all recording stations, the M&Lmethod scans over
potential small event locations around the template by making
relative travel-time corrections based on the relative locations
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▴ Figure 1. (a) Location of North Korea’s nuclear test site (NKTS, red star), seven seismic stations (red triangles) within 200 km of the test
site, and three nearby earthquakes (blue stars) used in event type comparison. (Inset) A regional map of eastern Asia in which the black
rectangle indicates the study area. (b) Maximal values of the stacked cross correlograms for every 0.001 s time interval (red dots) from 1
April 2010 to 31 May 2010 (only the values greater than 0.2 are plotted) and a detected event at 00:08:45.067 UTC on 12 May 2010 (dot
labeled by the event origin time). Gray dashed line stands for the mean CC threshold of 0.25. Gray area indicates the time window of data
gap (from 16:00 UTC on 15 May 2010 to 16:00 UTC on 16 May 2010).
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for the seismic recordings at borehole station SMT suggests
that, although the relative amplitudes of Pg and Lg waves are
similar at various frequency bands between the 2009 and 2013
tests, the Lg wave for the 2010 test has relatively larger ampli-
tudes at the frequencies below 10 Hz (Fig. 4d). These wave-
form characteristics may be due to these reasons: (1) the local
background noise may affect the waveform characteristics dif-
ferently at different frequency bands, (2) the explosion char-
acteristics of Pg/Lg behavior shift toward higher frequencies
for a smaller explosion, and (3) the 2010 test may be a de-
coupled event. We will further elaborate the last two possible
reasons later in this paper.

DISCRIMINATION OF THE 12 MAY 2010 NUCLEAR
TEST BASED ON PG/LG SPECTRAL RATIO

P/S-type spectral ratios of regional phases (e.g., Pg/Lg, Pn/Lg,
Pn/Sn) are usually used in event discrimination of explosions
from earthquakes (Walter et al., 1995; Xie, 2002; Richards
and Kim, 2007; Zhao et al., 2008, 2014). For example, Richards
and Kim (2007) showed that the Pg/Lg spectral ratios of the
North Korea’s 2006 nuclear test are very different from earth-
quakes. We analyze the Pg/Lg spectral ratio of the vertical seis-
mograms recorded by the borehole short-period station SMT
(0.5–50 Hz), which is the station that possesses the highest sig-
nal-to-noise ratio (SNR) above 1 Hz (Fig. 4d and Ⓔ Fig. S2).
Three nearby earthquake waveforms are also collected and an-
alyzed for spectral comparison (Fig. 1a andⒺ Table S1). A 7 s

time window (2 s before and 5 s after the predicted Pg-wave
arrival) is used as the Pg window, and we use group velocities
of 3:50–2:60 km=s to pick the Lg waves (Chun et al., 2009)
(Fig. 4). A 20% cosine taper is used for both Pg and Lg phases.
We calculate displacement Fourier spectra of these six events
after removing instrument responses (Ⓔ Fig. S3). Only the
spectral estimates with SNR > 2 are used in smoothed spectral
ratios, following the approach of Zhao et al. (2008). The spec-
tral SNR is defined as the ratio of power spectral density of Pg or
Lg with respect to that of pre-P noise (Xie, 2002).Here,we have
ignored distance corrections because distance differences from
these events are small and attenuation in the region is low
(Kim and Richards, 2007; Richards and Kim, 2007; Zhao et al.,
2013). The smoothed spectral ratios for these six events clearly
separate the 2009 and 2013 explosions from the earthquakes at
frequencies above 2 Hz and the 2010 event above 5 Hz (Fig. 5).
The separation of the 2010 event spectrum at a higher frequency
is consistent with the conclusion that the frequency range of the
spectral ratio of explosion separation from the earthquake shifts
higher for smaller explosions (Xie, 2002; Fisk, 2006). In addi-
tion, the Pg/Lg spectral ratio would also be affected by cavity
coupling and burial depth (Murphy et al., 1997; Fisk, 2006).

YIELD ESTIMATION OF THE 12 MAY 2010
NUCLEAR TEST

We follow the procedure in Zhang and Wen (2013) to esti-
mate the yield of the 2010 test. We first calculate the Lg-wave

2009/05/25 00:54:43.180

2013/02/12 02:57:51.331

2006/10/09 01:35:28.000

129°02'25" 129°10'35"
41°15'13"

41°19'16"

2 km

7.0 ± 1.9 kt

2.9 ± 0.8 t

12.2 ± 3.8 kt 

2010/05/12 00:08:45.067 0.48 kt

(a) (b)

▴ Figure 3. (a) Best-fitting location of the 12 May 2010 nuclear test (star labeled as 2010/05/12, which corresponds to the maximal mean
CC value in M&L detection) relative to the locations of template 2009 and 2013 tests (stars labeled as 2009/05/25 and 2013/02/12), plotted
centered at the location of 2006 test (star labeled as 2006/10/09). The mean CC values in the neighboring locations of the inferred 2010 test
site are plotted in color (only the regions with mean CC > 0:24 are presented). The black ellipse represents the confidence level of the 2010
test location within 94.3% of the maximal mean CC (Ⓔ see the analysis in the electronic supplement). (b) Locations (circles), origin times
(labeled red), and yields (labeled blue) of the 2006, 2009, 2010, and 2013 nuclear tests, plotted on a Google Earth map (image on 23 January
2013) of the area shown in (a), centered at the 2006 test site identified by the satellite images. The sizes of the 2009 and 2013 symbols are
proportional to their yields. The event parameters for North Korea’s four nuclear tests are shown in Table 1.
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the traditional magnitude–yield relationship in NKTS (Bowers
et al., 2001; Zhao et al., 2008, 2012, 2014; Schaff et al., 2012)
and the depth correction proposed by Patton and Taylor
(2011). The burial depth is estimated from the difference of
the surface elevation between the associated tunnel entrance
and the identified test location. Based on the location of the
2010 nuclear test, we regard “the west portal” identified by
Pabian and Hecker (2012) as the most likely tunnel entrance
to the test. The surface elevations of the west portal and the
identified test location of the 2010 event are 1400 and 1630 m,
respectively (Ⓔ Fig. S6). We thus inferred the burial depth of
the 2010 nuclear test to be 230 m, that is, the elevation differ-
ence between the tunnel entrance and the test site. By applying
the above modified empirical Lg-magnitude–yield–depth rela-
tionship, the yield of the 2010 test is estimated to be
2:9! 0:8 t, based on a burial depth of 230 m.

DISCUSSION

De Geer (2012) suggested there might be another low-yield
nuclear test in mid-April 2010, carried out in the same cham-
ber of the mid-May event. We did not detect any potential
event in the seismic data in mid-April (Fig. 1b). Although we
could not exclude the possibility that the magnitude of the
postulated event was too small to be detected, it is also possible
that the event did not occur. The existence of a mid-April event
was proposed to explain the disagreements of the xenon ratio
between the data and De Geer’s model. In later studies, the
xenon signatures are also explained by an underground nuclear
explosion in mid-May 2010 without postulating an early event
(De Geer, 2013; Wright, 2013).

The origin time we have determined is within the time
window based on the analysis of radionuclide isotope ratios
(Ihantola et al., 2013). However, the yield of the 2010 test es-

timate based on the seismic data (2:9! 0:8 t) is much smaller
than the 50–200 t suggested by De Geer (2012) or a few hun-
dred tons inferred based on radionuclide activity calculations
(Wright, 2013). If the inferred yield based on radioisotopes
holds true, the large difference in yield estimates may suggest
that the 2010 test is at least partially decoupled, consistent with
the indication from the noble gases as suggested by De Geer
(2013). Our study demonstrates the scientific capability of
monitoring low-yield nuclear tests by combining seismic and
radionuclide isotope data.

CONCLUSION

We detect and locate a low-yield nuclear test conducted on 12
May 2010 by North Korea. We apply the M&L method and
search for potential events in the continuous seismic data re-
corded in seven stations within 200 km of North Korea’s test
site from 1 April 2010 to 31 May 2010, using North Korea’s
2009 and 2013 tests as templates. A detectable event occurred
at 00:08:45.067 UTC on 12 May 2010, located at 41.2863° N
129.0790° E with a geographic precision of 350 m. The de-
tected 2010 event is about 227 m west and 844 m south of the
location of North Korea’s 2009 nuclear test; about 227 m east
and 499 m south of the location of its 2013 nuclear test. Pg/Lg
spectral ratios of the event further indicate it is explosive in
nature. We estimate the yield of the event to be 2:9! 0:8 t,
based on the Lg-wave amplitude ratio between the 2009 and
2010 tests and the burial depth inferred from satellite imagery.
Our study provides seismological evidence for a low-yield
nuclear test in North Korea on 12 May 2010, supporting the
radionuclide isotope observations, and demonstrates the scien-
tific capability of monitoring low-yield nuclear tests by com-
bining seismic and radionuclide isotope data.
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Fig.4: Particle motion analysis of the P wave arrival at NE3C
which showed a good signal-to-noise ratio. The resulting polarization
direction is consistent with an event occurring on or near the DPRK test site.
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Statement from David Schaff, made on the basis of using Lg-wave
cross-correlation measurements on data from Dongbei stations:
***************************************************

We are able to detect a similar Lg-wave as the maximum
correlation at the expected arrival time of the 2010 event for
two stations searching 10 minutes of data.  

Performing an association of detections at five of the Dongbei
stations for Lg-waves validates this detection with a high degree
of confidence with greater statistical significance than the
detection found by Zhang and Wen using 2 months of data.

Our location estimate has poorer quality data than we typically
use for Lg and shows less confidence than either the detection
or association step.  But we are reasonably certain that the
2010 event occurs no more than 4 km to the SW of the 2009
event with estimated 3 km 95% error ellipses.



 • Open source seismic data from the NECESSArray network, and additional 
regional data from the DBSN network, support a seismic event on 12 May 2010, 
on or near the DPRK test site. Its magnitude is about 1.5. 

• We were able to apply modern methods of cross- correlation to Lg signals from 
the Dongbei network. These methods are superb for co-located events, even if 
they differ significantly in magnitude. But these methods can degrade as 
distance between event pairs increases. 

• Our observations and those of Ford & Walter (2015) can be explained if the 12 
May 2010 event is somewhat further from the known 2009 UNT, than claimed 
by Zhang & Wen. 



Results presented so far, were obtained 
by June 2015 and presented at a  
CTBTO workshop in Vienna, 
as can be seen on YouTube—go to 
————————————————————— 
https://www.youtube.com/watch?v=vPRJ8lPNSbo 
————————————————————— 
 
Next, let’s look at work we’ve done  
at Lamont since June 2015 
(work done largely by Won-Young Kim): 
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Figure 6. Three-component Log10(Pg/Lg) spectral amplitude ratios at frequency range 1 to 24 Hz 
used in discrimination analysis are plotted for earthquakes (circles), chemical explosions 
(triangles), and nuclear test (squares). The data for the earthquakes and chemical explosions are 
from a GSN station MDJ, and two underground explosions (2006 and 2009) and 12 May 201 
event are from Dongbei network data (see Figure 1)  – stations DB07, DB08, DB09 and DB17 
are used for the analysis. Newly acquired data from Dongbei Network in NE China along the 
North Korean border region recorded at 100 samples/second, and hence, provided spectral ratios 
up to about 35 Hz.  
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37component*records*at*
MDJ*from**
(a)*UNE,**
(b)*earthquake,*and**
(c)*chemical*explosion.**

7*P*and*S*waves*are*strong*
on*T7component*from*
explosion*sources*(EW*
records),*
*
7*Rayleigh*on*ver)cal7*&*
radial*(NS)*records*from*the*
explosion*(~3s*period),*
*
7*Strong*Lg*on*T7component*
from*the*earthquake*(EW).*
*
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Seismic Events & Stations Around North Korean Nuclear Test Site
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Details(on(12(explosions((used(with(MDJ(data(to(characterize(P/S(spectra(from(explosions)(
!

id! Date! Time! Lat! Long! Dep! Mag! Agency!

! (year5mo5dy)! (hh:mm:s)! (°N)! (°E)! (km)! (ML)! !

Underground!Nuclear!Tests!

1! 2006510509! 01:35:27.9! 41.277! 129.114! 0.5! 4.2! PDE!

2! 2009505525! 00:54:43.3! 41.306! 129.029! 0.6! 4.7! PDE!

3! 2012502512! 02:57:51.49! 41.2990! 129.029! 0.6! 5.1! PDE!

Single!Hole!Explosions!

4! 1998508512! 15:00:08.10! 42.865! 128.223! 0! 1.0! Wu!

5! 1998508518! 14:00:06.69! 42.914! 129.324! 0! 2.0! Wu!

6! 1998508519! 15:00:07.79! 42.091! 128.739! 0! 1.9! Wu!

7! 1998508525! 15:00:07.46! 42.427! 126.748! 0! 1.0! Wu!

Chemical!Explosions!

8! 2010501515! 06:18:01.44! 41.7488! 126.9143! 0.0! 2.9! ISC!

9! 2011501505! 05:46:05.66! 41.7317! 126.9674! 0.0! 2.8! ISC,!KIGAM!

10! 2011502518! 15:25:58.15! 41.7345! 126.8917! 0.0! 3.5! ISC!

11! 2011505519! 09:38:21.58! 42.2512! 129.3803! 0.0! 2.6! ISC!

12! 2012501521! 07:54:45.59! 42.2306! 129.3680! 0.0! 2.6! ISC!

!

! !



Details(on(12(earthquakes((used(with(MDJ(data(to(characterize(P/S(spectra(from(explosions)(
(

id! Date! Time! Lat! Long! Dep! Mag! Agency!
! (year5mo5dy)! (hh:mm:s)! (°N)! (°E)! (km)! (ML)! !
!!!1! 1994501525! 08:51:38.2! 42.23! 127.12! 04! 4.0! NK!

!!!2! 2004512516! 18:59:14.5! 41.79! 127.94! 10! 4.0! PDE!

!!!3! 2007512531!! 21:33:38.0! 40.41! 127.25! !0! 3.2! !

!!4! 2009508505! 12:08:12.6! 42.349! 127.223! 10! 3.8! !

!!5! 2010505518! 04:08:10.3! 42.83! 125.96! 10! 3.7! !

!!6! 2010510509! 05:45:14.7! 42.352! 128.388! 10! 3.4! !

!!7! 2010510509! 06:07:09.2! 42.370! 128.420! !5! 3.6! !

!!8! 2010511507! 11:11:39.74! 40.0623! 128.1985! 17.6! 3.5! kigam!

!!9! 2010511512! 02:10:44.8! 43.00! 125.89! !7! 2.8! !

10! 2011506509!! 01:10:35.1! 42.44! 127.19! !6! 3.3! !

11! 2011512526! 13:34:08.6! 42.381! 127.246! !0! 3.6! !

12! 2014508504! 21:16:36.0! 40.110! 127.200! !0! 2.5! !

!

!

(Test(events(

! 2010505512! ! ! ! ! ! !

! 2002504516! 22:52:38.6! 40.66! 128.65! 10! 4.1! ISC!

! 2005504515! 06:34:15.4! 42.15! 127.71! 10! 3.9! BJI!



P/S*spectral*ra)os*of*rotated*37component*records.**
Define*37component*ra)o*as:*P/S*=*(Pz2*+*PR2)½*/*(Sz2*+*SR2*+*ST2)½***
where*subscripts*indicate*the*component:*Z=*ver)cal,*R=*radial*and*T=*transverse*
components.**
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Pg/Lg spectral ratios in 
5-13 Hz, at 5 discrete 
frequencies are used for 
linear discrimination 
analysis.  
 
All events are correctly 
classified with a total 
misclassification 
probability of 0.5%.   
 
Mahalanobis distance 
squared (∆2) measure is 
26.6.  
 
12 May 2010 event is 
classified as an 
earthquake.  
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Linear discriminant function analysis applied to the P/S spectral 
ratios of seismic events in and near northern North Korea.  An 
explosion population (12 events, chemical and nuclear), is 
shown as triangles.  An earthquake population (12 events), is 
shown as circles.  Data from a temporary network (DBN) 
provided signals for two nuclear explosions (red squares) 
and for the event of interest (May 12, 2010; green square).  
The event of interest falls in the earthquake population.   
Key to our conclusions, is use of a method that analyzes all three 
components of recorded motion, not just the vertical component. 
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The ability to detect and analyze events as
small as this one (magnitude ~ 1.5) is new, 
and raises new questions such:
• what stations are quiet and reliable?
• whose job is it to build relevant archives?
• how can we analyze many many events?



Extra  images:



Seismicity*around*the*nuclear*test*site*in*North*Korea***
ISC*Bulle)n*199072009,*M*>*3,*~1,000*km.**

- Much of the East 
Sea of Korea (Japan 
Sea) is probably 
oceanic crust, 
 
- Crust around the 
volcanic Baekdu-san 
(Changbei-shan)  
may be highly 
attenuating,  
*
- Relatively few 
events within 500 km 
from the test site.  
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North Korean Nuclear Tests on 25 May 2009 & 9 October 2006
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For this reason high-frequency P/S is recognized as one of
the main methods of discriminating explosions from earth-
quakes [e.g., Bowers and Selby, 2009] and with careful
application and consistency with other techniques (e.g.,
depth, Ms-mb, waveform modeling), is an important con-
tributor to identifying seismic sources.
[6] The P/S difference can be readily seen where explo-

sions occur in the vicinity of earthquakes. The top two
waveforms in Figure 1 show an explosion (in red) and a
nearby earthquake (in green) recorded at the same station
and filtered in the same passband (1–2 Hz). As compared to
the explosion, the earthquake is rich is S-wave energy
which propagates through the upper mantle (as Sn) and

through the crust (as Lg). While the P/S discriminant would
work well in this case, the challenge comes in monitoring
broad regions. Like the explosion, the bottom waveform in
Figure 1a (plotted in cyan) shows significant P-wave energy
and small S-wave energy, making the waveform look
explosion-like. However, this event is an earthquake.
Although recorded at the same station using the same
passband, the lack of S-waves is not caused by poor
generation at the source, but rather path attenuation
causing the low amplitudes of the Sn and Lg phases.
Characterizing the path attenuation through attenuation
tomography holds the key to determining and correcting
for the expected attenuation of phases along any given
path through the region.

3. Attenuation Tomography

[7] Recent work has focused on the attenuation of re-
gional phases in the Middle East and vicinity and has been
described thoroughly in several recent publications [Pasyanos
et al., 2009a, 2009b]. We will briefly summarize the method
here and refer the reader to these publications for details of
the methodology. Like most amplitude tomography, we
assume that the observed amplitudes are a product of four
terms: the source term, the geometrical-spreading term, the
attenuation term, and the site term. Our methodology,
employed by Pasyanos et al. [2009a] for Lg, uses an
MDAC source model [Walter and Taylor, 2001], which
more explicitly defines the source expression in terms of an
earthquake source model formulated in terms of the seismic
moment. One of the advantages of this approach is to easily
estimate the predicted Lg amplitudes for an event of any
given location and size. We assume a geometrical spreading
and provide parameters that relate the initial source term to
the moment. Using amplitudes for about 6000 Lg paths, we
then initialize the attenuation, site, and source terms and
solve for all three sets of parameters in several different
frequency bands.
[8] In a subsequent paper [Pasyanos et al., 2009b], we

applied the technique to simultaneously invert 1–2 Hz
amplitudes of Pn, Pg, Sn and Lg to produce P-wave and
S-wave attenuation models of the crust and upper mantle.
The attenuation is modeled as P-wave and S-wave attenu-
ation surfaces for the crust, and a similar set for the upper
mantle. We can use all of the phase amplitudes together by
using the appropriate (source, geometrical-spreading, site,
and attenuation) terms for each phase. For example, the
source terms of the P-waves and S-waves are different, and
path attenuation is calculated by raypaths appropriate for the
particular phase. Inverting all of the phases simultaneously
(in this case, amplitudes for about 12,000 paths) allows us
to determine consistent attenuation, site, and source terms
for all phases, and eliminates non-physical inconsistencies
among them. As a result, we can now predict the ampli-
tudes of any of these regional phases for an event of any
given location and size. Figure 1b shows the S-wave
attenuation map of the crust in the 1–2 Hz passband for
a portion of our study area. These crustal S-wave results
are very similar to the 1–2 Hz Lg attenuation map in the
earlier study [Pasyanos et al., 2009a]. Attenuation is low
(high Q) in northwest India/southeast Pakistan, eastern

Figure 1. (a) Waveforms of two earthquakes (shown in
green and cyan) and one nuclear explosion (shown in red)
recorded at station NIL and filtered between 1–2 Hz. (b)
Shear-wave attenuation of the crust from amplitude
topography of regional phases. This map is primarily
sensitive to the attenuation of the crustally-propagating
shear-wave Lg. Black triangle is station NIL, red star the
1998 Indian nuclear explosion, and circles the earthquakes
near the Indian test (green) and in Kyrgyzstan (cyan).
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