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Abstract  We assess seismological evidence bearing on claims that North Korea conducted a 23 

small nuclear test on 12 May 2010 in the vicinity of known underground nuclear tests in 2006, 24 

2009, 2013, and 2016.  First, we use Lg-wave cross-correlation and more traditional methods to 25 

locate the 2010 event between about 4 and 10 km southwest of the 2009 test.  Second we 26 

compare the relative sizes of regional P-waves and S-waves, using stations within 400 km of the 27 

known North Korean nuclear tests, to assess the nature of the event. 28 

 We measured P/S ratios at different frequencies, at first using data from the open station 29 

MDJ in northeast China, for training sets of earthquakes and of explosions.  We developed a 30 

linear discriminant function (LDF), that, in application to P/S measured at MDJ, is most effective 31 

in separating the earthquake and explosion populations.  MDJ lacks usable data for the event of 32 

interest, but we have obtained regional data from stations of the nearby Dongbei Broadband 33 

Seismographic Network (DBSN), for the event of 12 May 2010 and for nearby underground 34 

nuclear tests conducted in 2006 and 2009.  When our LDF is applied to DBSN data, and to data 35 

from stations SMT and NE3C in China, the LDF values measured from P/S ratios from known 36 

explosions are explosion-like; but for the event of 12 May 2010 the LDF values are earthquake-37 

like for frequencies between 6 and 12 Hz.   38 

 Our method for characterizing earthquakes and explosions on the basis of their regional 39 

signals can be widely applied.  Measurements of P/S based upon three-component waveform 40 

data provide better discrimination power than do those based upon vertical-component data 41 

alone. 42 

  43 
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Introduction 44 

 45 

 Several papers published during 2012–2015 have claimed there is evidence for a low-46 

yield nuclear explosion conducted in Spring 2010 in North Korea close to the site of well-known 47 

nuclear explosions in 2006, 2009, 2013, and 2016.  The original claim (De Geer, 2012) was 48 

based on detection of radioxenons and radioxenon progeny nuclides at four sampling stations 49 

located 10 to 1260 km outside the borders of North Korea.  Five days in April and May of 2010 50 

were at first proposed as the candidate dates on which a nuclear test may have been carried out.  51 

Subsequent papers based on the radionuclide observations, and discussion of candidate locations 52 

from which atmospheric transport of radionuclides would fit those observations, have focused on 53 

11 May 2010 as the likely date of a claimed low-yield nuclear test in North Korea (De Geer, 54 

2013; Wright, 2013). 55 

 Schaff et al. (2012) attempted to detect seismic signals from small explosions in North 56 

Korea on the specific days in 2010 proposed by De Geer. The seismic data recorded on those 57 

days by the nearest open station of the Global Seismographic Network, namely MDJ in 58 

northeastern China, were searched, applying three-component cross-correlation methods and 59 

using high-quality signals as templates (derived from known nuclear explosions in North Korea 60 

recorded at this same station).  Schaff et al. (2012) assessed the capability of this method of 61 

detection, and of simpler methods, all of which failed to find seismic signals that would be 62 

expected if scenarios proposed by De Geer were valid, and concluded, first, that no well-coupled 63 

underground explosion above about a ton occurred near the North Korea test site on these five 64 

days (14, 15, 16 April; 10, 11 May), and second, that any explosion would have to be very small 65 

(local magnitude less than about 2) to escape detection.  An important issue emerging from this 66 

analysis, was the practical difference between two types of detection threshold, namely between 67 
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(a) estimating the present or future detection capability of a monitoring network, absent any 68 

templates similar to the signal one is attempting to detect, and (b) the detection capability for a 69 

specific time period in the past when it is known what data are available, and templates do exist.  70 

Detection capability is much better in the latter situation. 71 

 In view of these previous studies and several additional papers interpreting the 72 

radionuclide data of 2010 in terms of a low-yield nuclear test, it was of considerable interest that 73 

Zhang and Wen (2015a) reported data from a small seismic event in North Korea, occurring on 74 

12 May 2010 at about 00:08:45 UTC, which they claimed had occurred less than 1 km from the 75 

known tests of 2009 and 2013, and which they characterized unambiguously as a small nuclear 76 

explosion.  The origin time is about nine minutes later than the time window for May 2010 77 

searched by Schaff et al. (2012).  Zhang and Wen used data from several seismographic stations 78 

in Jilin Province, China, in the distance range approximately 80 to 200 km from the North Korea 79 

test site.  At present the data these authors analyzed are not openly available.  To detect the event 80 

they used a method called “match and locate”, described further in Zhang and Wen (2015b), in 81 

which correlograms for different channels of seismic data are averaged using an appropriate 82 

template for each channel.  The method allows templates to be drawn from more than one event, 83 

at different locations in the general source region of interest.  The relative location of template 84 

events must be accurately known, and the match and locate method stacks correlograms for each 85 

point in a predetermined grid of candidate locations, using the appropriate delay for each point in 86 

the grid in a search for the grid point that maximizes the stack.  In practice the method searches a 87 

2D horizontal grid at a fixed depth (the depth of the template events, presumed to be similar to 88 

the depth of the event being sought), with templates that in the present case are provided by 89 

known underground nuclear explosions (UNEs) in North Korea.  Zhang and Wen (2015a) found 90 
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a maximum mean cross-correlation (CC) value for a candidate location about 900 meters south 91 

and 200 meters west of the known UNE of 2009.  They showed individual seismograms of the 92 

event as recorded on stations in Jilin Province, China, and assigned it a magnitude of 1.44 (based 93 

on Lg).  On the basis of measured values of the spectral ratio between P-waves and S-waves they 94 

claimed it to be a very small nuclear test explosion having a yield estimated at 2.9 t (TNT 95 

equivalent), with very low uncertainty (only ± 0.8 t). 96 

 It is remarkable that the data streams and analysis methods used in modern seismology 97 

can now provide detection capability at magnitudes as low as the small event under discussion 98 

here.  Note that the first UNE conducted in North Korea (on 9 October 2006) had a seismic 99 

magnitude around 4 and was widely reported to have had a low yield—roughly 1 kt.  The 100 

seismic event of 12 May 2010 was about two and a half units lower in magnitude, and thus had 101 

signals about 300 times smaller than those of the small UNE of 2006.  However, while Zhang 102 

and Wen are to be congratulated on finding this small seismic event, we present and analyze 103 

additional data indicating that it has characteristics different from those of a small contained 104 

single-fired explosion.  We also discuss the likelihood of a somewhat different location, relative 105 

to the known North Korea UNEs.  We comment on the procedure used by Zhang and Wen 106 

(2015a) for estimating yield of small underground explosions on the basis of their seismic signal 107 

strength, and argue that there is substantial uncertainty in such estimates.  Our principal source of 108 

additional data has been the Dongbei Broadband Seismographic Network (DBSN), installed in 109 

mid-2004 by Dr. Kin-Yip Chun and colleagues at several sites in northeast China in Liaoning 110 

and Jilin Provinces, just north of the border with North Korea. 111 

 Signals from the seismic event of 12 May 2010 reported by Zhang and Wen (2015a) can 112 

be seen in the openly-available data acquired by a PASSCAL instrument deployment, involving 113 
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a temporary network of stations in northeast China known as the NECESS Array (see, e.g., Tao 114 

et al., 2014).  Ford and Walter (2015) have reported this confirmation, and they go on to make 115 

the case that if the location and magnitude of the 2010 event were as characterized by Zhang and 116 

Wen, then its detection at stations of the International Monitoring System (IMS) would be 117 

expected, using cross-correlation methods.  It should also have been detected at the open station 118 

MDJ.  The fact that it was not detected prior to work done by Zhang and Wen, and could not 119 

subsequently be confirmed with IMS or MDJ data, is a matter we discuss and explain in terms of 120 

a location for the event that is somewhat further away from prior UNEs than claimed by Zhang 121 

and Wen (2015a), or if it had taken place at a significantly different source depth. 122 

 While it may be disconcerting that contrary interpretations have been published, with 123 

reference to a claimed event of significance in the context of monitoring for nuclear explosions, 124 

the larger picture is that: (a) additional resources can often be brought to bear on such claims 125 

after a period of time; (b) it can then be possible to detect and characterize the nature of events 126 

more than ten times smaller than has typically been reported (e.g. by the US National Academy 127 

of Sciences in 2002 and 2012) as the monitoring capability for various regions; and (c) contrary 128 

interpretations can potentially be resolved by on-site inspection.  In the present case, new data 129 

have been obtained, are now openly available, and are analyzed in this paper, indicating that the 130 

12 May 2010 event exhibits the characteristics of a small natural earthquake, based on a specific 131 

set of assumptions and an application of standard statistical classification methods.  We re-affirm 132 

a conclusion of Schaff et al. (2012) that no well-coupled underground explosion above about a 133 

ton occurred near the North Korea test site on days we have studied.  134 

 135 

Data Sources 136 



 7 

 The GSN open station MDJ has been providing continuous high-quality broadband 137 

seismic data to interested users since October 1986, and in particular acquired good seismic 138 

signals from the North Korean nuclear explosions in 2006, 2009, 2013, and 2016.  It also 139 

recorded a number of chemical explosions in 1998, of yield about one or two tons, conducted in 140 

northeast China close to the border with North Korea (e.g., Song et al., 2007; Zhao et al., 2012), 141 

and we use these and other chemical explosion signals below, as well as MDJ records from small 142 

earthquakes, most of them within about 200 km from the North Korea nuclear test site. 143 

 As noted in the Introduction above, NECESS Array stations recorded signals from the 12 144 

May 2010.  They were weak, and only the nearest station, NE3C (∆ ~ 160 km, see Figure 1), 145 

provided data of quality high enough to be used for analysis of P/S spectral ratios—the method 146 

we deem most useful to enable event characterization.  Because the NECESS Array was 147 

deployed only from September 2009 to August 2011, it did not record any of the four well-148 

recognized North Korea UNEs. 149 

 Most notably for the present paper we have obtained access to DBSN recordings of the 150 

2006 and 2009 North Korea UNEs, and to the signals recorded by DBSN for the 12 May 2010 151 

event.  Details of this network are given by Chun et al. (2009), Chun and Henderson (2009), and 152 

Chun et al. (2011).  It began operation in June 2004 and was removed in 2011, so it did not 153 

record the UNEs of 2013 or 2016.  Furthermore, some station channels were non-operational for 154 

events of interest.  Station DB09 of the network was moved 7.19 km to the east-northeast in mid-155 

2007 and renamed DB17.  But overall it is clear that these stations were carefully sited, and have 156 

provided high-quality recordings.  We have used data from eight of the DBSN stations, shown in 157 

Figure 1, and their waveforms are presented and discussed in later Figures.  Ground motion was 158 
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sampled at 100 sps, significantly higher than the 40 sps rate used continuously for MDJ and the 159 

NECESS Array stations. 160 

 For purposes of applying the P/S spectral ratio to identify a seismic event, it is desirable 161 

to have spectral data from different populations (earthquakes, explosions) in the same region, 162 

recorded at the same stations, as well as good data at these stations for the event one is trying to 163 

characterize.  We do not have this situation in the present case for analyzing the 12 May 2010 164 

event.  From station MDJ we can compare P/S spectral ratios for UNEs and chemical explosions, 165 

and for earthquakes—though not for the 12 May 2010 event.  From the NECESS Array stations 166 

we can compare P/S spectral ratios for earthquakes, industrial explosions, and the 12 May 2010 167 

event.  And from DBSN stations we can compare P/S spectral ratios for UNEs and the 12 May 168 

2010 event.  Furthermore, using the methods developed by Kim et al. (1997) we are able to use 169 

spectral measurements from vertical and horizontal components of recorded ground motion, 170 

which help to stabilize the P/S spectral ratios we report in this paper, which are based on about 171 

500 seismograms (72 recorded at MDJ, 24 at eight stations of the DBSN, and the remainder at 172 

twenty stations of the NECESS Array).  This is significantly more than the number of 173 

seismograms used for P/S spectral ratios reported by Zhang and Wen (2015a), for vertical 174 

components at stations SMT, that were used by them to compare the 12 May 2010 event to a pair 175 

of UNEs and three earthquakes.  They did not give an objective criterion for classifying the 176 

event.  We have been able to find earthquakes, in addition to those used by Zhang and Wen, that 177 

are significantly nearer to the North Korean test site, to provide a broader basis for comparison 178 

when using spectral ratios. 179 

 180 

Estimates of location and magnitude for the 12 May 2010 event 181 
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 182 

 In this section we use two methods to conclude that the 12 May 2010 event had its 183 

hypocenter within a few km of the North Korea nuclear test site, most likely southwest of the 184 

2009 test location at a distance that we estimate to be between 4 km and 10 km.  But first we 185 

note that Zhang and Wen (2015a), in application of their match and locate method, found a 186 

location only about 1 km to the southwest of the 2009 nuclear test, by maximizing the mean CC 187 

value for a stack of correlograms.  The contours of their stack (their Figure 3A) appear not to 188 

have been sharply peaked at their preferred location for the event.  Just how far apart the events 189 

are, of 2009 and 2010, is of interest in the context of understanding the capability of cross-190 

correlation methods to enable detection of small events, and high-quality location estimates. 191 

 Before discussing our own estimate of the location of the 12 May 2010 event, a simple 192 

and helpful indicator of its location can be derived from the horizontal particle motion in the P-193 

wave arrival used at stations with clear signals, since the motion gives an approximate azimuth 194 

from which this longitudinal wave is arriving.  Figure 2 shows a particle motion plot for the 195 

horizontal components of the regional P-wave at NE3C (a NECESS Array station).  The azimuth 196 

is appropriate for a source near the North Korea nuclear test site. 197 

  198 

Relative location estimates based on Lg-wave cross-correlations 199 

We used hypocentral estimates given in Zhang and Wen (2015a) for the 2006, 2009, and 200 

2010 nuclear tests, to determine Lg-arrival times based on station distance and a group velocity 201 

of 3.5 km/s.  Templates were used from the 2009 nuclear test since it was closer to the 2010 202 

event than the 2006 explosion, and they were run on 10 minutes of continuous data from 2010.  203 

The correlation traces for the various stations are shown in Figure 3 for a ±10 s window centered 204 
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on the arrival time at each station expected for the hypocenter proposed by Zhang and Wen 205 

(2015a).  Five of the stations show maxima in this ±10 s window that have absolute time shifts 206 

less than 1.5 s. The three closest stations show detection maxima with peak times close to zero, 207 

which we take to be an indication that these are not just random detections among the stations 208 

but that there is a physical basis in terms of increased signal-to-noise ratios (SNR). 209 

The maximum correlation coefficients are all nevertheless quite low.  The Lg signals are 210 

not obviously visible in the raw waveforms for most stations, but detailed studies (e.g. Schaff, 211 

2008) have shown that detection via cross-correlation is achievable with signals significantly 212 

below the noise level.  Low CC values may partly be due to the sample rate being 100 sps 213 

compared to the 20 sps that we have typically used in previous studies. But this higher sample 214 

rate makes the correlation values, even though low, more statistically significant because of the 215 

longer duration and greater time-bandwidth product for the template window of 50 s. (Note that 216 

we do correlation in the time domain so the correlation function has a sample rate of 100 sps as 217 

well.  And interpolation of the correlation function around the peak usually achieves precision 218 

that is about 1/10th of the sample interval.)  The higher rate means there are more false alarms in 219 

a given time period because they scale linearly with sample rate. To do a thorough false alarm 220 

analysis and to quantify the statistical significance of these detections, continuous data records 221 

longer than 10 minutes need to be analyzed.  But a rough estimate of the statistical significance 222 

of these detections can be made, based on the length of the lag windows searched over for a 223 

given maximum, even for these short (10 minute) records.  To do this we count the single 224 

maximum of each of the five stations with peak lag times tpeak having an absolute value less than 225 

1.5 s. Then we determine the nearest time tlag  at which the CC value exceeds the local maximum 226 
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for the lags searched over. The probability that the original maximum was a false alarm can then 227 

be estimated as p = absolute value of  tpeak / tlag.  These values are shown in Table 1. 228 

We have found from work on the seismicity of China, Parkfield (California), and 229 

Kazakhstan, that association even at just two stations is a powerful means of validating 230 

detections at single stations and reducing false alarms (Schaff, 20009; Schaff and Waldhauser, 231 

2010; and Slinkard et al. 2014).  The combined probability of a false alarm coincidentally 232 

occurring at two or more stations can be determined by multiplying the individual probabilities at 233 

each station, since false alarms at different stations are independent from each other.  From the 234 

last column of Table 1 we find a combined probability of 1.3 E-11, indicating that the chance of 235 

a false detection occurring at all five of these stations, within a time window that includes the 236 

expected arrival of the Lg-wave for an event with the hypocenter determined by Zhang and Wen 237 

(2015a), is very very low—and that therefore the detections of an event on 12 May 2010 are 238 

highly likely to be true, from Lg signals alone. 239 

The match and locate method of Zhang and Wen (2015b) effectively combines the 240 

detection, association, and location steps all together in one process to determine a single 241 

averaged correlation trace.  They show their detection is statistically significant for two months 242 

of data.  Assuming a sample rate of 100 sps and only one maximum value in this time period the 243 

probability of such a detection occurring by chance is p = 1 / 60 days / 24 hours / 3600 s / 100 244 

sps ~ 2 x 10 –9.  This shows the power of association in Table 1 because from just 10 minutes of 245 

data we find a lower probability of occurring by chance (once in 25 years using 100 sps) 246 

compared to one in 2 months of data from a single trace. 247 

To estimate a relative location of the May 2010 event with respect to the known 2006 248 

UNE, we can use the lag times of the peak values as differential travel times, as has been done in 249 
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a case study of the 1999 Xiuyan sequence in China (Schaff and Richards, 2004).  We explore the 250 

sensitivity and robustness of relocating the pair of events (2009 and 2010) by adding stations of 251 

increasingly poor quality as determined by their deviation from the zero value we expect from 252 

reduced travel times of the Lg-arrival, based on the hypocenter in Zhang and Wen (2015).  Three 253 

stations are needed as a minimum to solve for the three unknowns of the epicenter—but then 254 

since these are exact solutions, with zero residuals, no formal error bars can be computed to 255 

determine the location quality.   256 

Figure 4 shows several location estimates for the 2010 event relative to the 2009 nuclear 257 

test, including those based on our Lg double difference analysis using different numbers of 258 

stations.  The stars are the locations given in Zhang and Wen (2015a).  The Lg location estimates 259 

for the four, five, and six station cases all agree with the 95% confidence error ellipse which is 260 

shown for the four-station case.  But neither the three-station location nor the Zhang and Wen 261 

(2015a) location falls within this error ellipse.  The four-station case has the smallest error bars 262 

and best fit for the residuals.  But we find the data quality to be poorer than what we have 263 

typically used for Lg locations in other studies.  The standard deviation of the residuals in the 264 

present case is 0.2618 s and is thus quite poor, for example by comparison with results from a 265 

study using Lg to obtain relative locations for 3689 events over all of China in which the average 266 

residual standard deviation was only 0.0417 s (Schaff et al., 2016).  The estimated 95% 267 

confidence ellipse for the Lg location has semi-axes 3.91 km and 0.50 km (using four stations). 268 

The azimuthal gap is 249 degrees.  The standard deviation of the residuals before location based 269 

on the hypocenters in Zhang and Wen (2015a) is 0.7519 s, so there is improvement by about a 270 

factor of 3 in the residuals to explain the Dongbei data with our best Lg relocation. 271 

 272 
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Relative location based on picks of P- and S-arrivals 273 

 Figure 4 also shows results of a double-difference relocation of the 2010 event relative to 274 

the 2009 event using phase pick data only, for regional P- and S-waves from stations of the 275 

DBSN in the distance range 158 to 206 km.  The square shows the estimated epicenter which in 276 

this case is about 7 km to the southwest of the 2009 event.  It is in general agreement with the 277 

epicenter location estimated independently using Lg-wave correlation data, that is, lying several 278 

km to the southwest. 279 

 The RMS residuals for the locations based on P- and S-wave picks are 0.189 s for the 280 

2009 event and 0.117 s for the 2010 event.  These can be compared to the standard deviation of 281 

the residuals for the Lg location based on CC (0.2618 s).  The standard deviation is related to the 282 

RMS but differs in the numbers of degrees of freedom.  The estimated 95% confidence error bars 283 

for the P- and S-wave locations are ±2.71 km east-west and ±0.79 km north-south. The error 284 

ellipse sizes and fit of the residuals are also in general agreement for the two independent 285 

location runs, i.e. using P- and S-wave phase data and Lg CC data.   286 

  287 

Additional discussion of location estimates for the 2010 event 288 

 Based on the formal error ellipses shown in Figure 4 we can say with 95% confidence 289 

that the location of the 2010 event relative to the 2009 event is no closer than 3.8 km and no 290 

further than 9.5 km to the SW.  (The orientation of the P- and S-wave error ellipse should also be 291 

elongated in a NW-SE direction, like the Lg CC error ellipse.  We were not able to obtain 292 

singular value decomposition locations using P- and S-waves so these locations are based on the 293 

LSQR method of inversion which returns only the diagonal elements of the covariance matrix in 294 

the cardinal directions.) 295 
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 296 

 We can compare overall statistics for the 2010 relative event location with those of 3,689 297 

events in and near China for which we have recently obtained relative epicenter locations based 298 

on high quality Lg CC measurements (Schaff et al., 2016).  The average azimuthal gap is large in 299 

our study of all China, 205°, but the gap for the 2010 event is larger, at 249°.  For all of China 300 

the average of the semi-major axes (= 0.42 km), is much smaller than for the 2010 event (= 3.91 301 

km), and the same applies to the average of the semi-minor axes (0.09 km vs  0.50 km).  The fit 302 

for the residuals for events over all of China has a standard deviation of 0.0417 s which is 303 

smaller than the sample interval of 0.05 s.  The 3,689 events are located within 1 km of at least 304 

one other event.  Typically, Schaff et al. (2016) find that Lg CC data lead to high-quality relative 305 

relocations only for inter-event separations less than 1 km.  The fact that the 2010 event has 306 

residuals more than six times higher than residuals for the high-quality Lg CC data, in the study 307 

for all of China for events separated by 1 km or less, is strong additional evidence that the 2010 308 

event is more than 1 km away from the 2009 event, besides the actual location estimate placing it 309 

about 4 km to the SW.  Further but more indirect evidence that the 2010 event is more than 1 km 310 

away from the 2009 event, and/or is a different type of event such as an earthquake instead of an 311 

explosion, is that there was no CC data of sufficient quality to be used for differencing the P- and 312 

S-wave arrivals (so picks were used).  Carmichael & Hartse (2016) describe how detection 313 

thresholds, based on CC methods, rise by up to a magnitude unit for sources located four km or 314 

more from one of the larger North Korean announced nuclear tests.  Typically, CC data for P- 315 

and S-waves has been shown to be useful for inter-event separation distances up to 2 km in 316 

northern California (Schaff et al., 2004; Schaff and Waldhauser, 2005; Waldhauser and Schaff, 317 

2008).   318 
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 We are reasonably confident in the Lg correlation DD location because it agrees with the 319 

location estimate of the P-wave picks.  These two locations were arrived at completely 320 

independently with two different data types and inversions (for Lg we solve only for epicenter in 321 

a different program whereas for P-waves hypocenters are returned).  The general direction from 322 

the 2009 event and the size of the ellipses agree from the two independent tests.  The data is not 323 

high quality either for Lg or P, but we are fairly confident in our qualitative conclusions that the 324 

2010 event occurs more than 1 km away from the 2009 event and likely is between 4 to 10 km to 325 

the southwest. 326 

 Another line of general evidence for greater than one km separation between the 2009 327 

and 2010 events, is the experience in obtaining a location for the 2009 explosion relative to that 328 

of 2006.  In days immediately following the 25 May 2009 nuclear test, one of us (Kim) acquired 329 

data from more than 50 regional stations in China, South Korea, and Japan, that had recorded 330 

both these first two tests by North Korea.  For purposes of estimating a relative location he used 331 

83 travel-time pairs (48 from Pn, 35 from Sn), at stations where the quality of cross-correlation 332 

of 2009 signals against those of 2006, was so low that travel time picks appear to provide the 333 

best way to measure relative arrivals.  He also used 36 waveform cross-correlation pairs derived 334 

from signals where CC methods appeared to be somewhat better than differencing arrival-time 335 

picks, but CC quality was still somewhat poor, and this is the relevant point, for these two 336 

explosions were estimated to be about 2.6 km apart, as reported in June 2009 at the CTBTO’s 337 

ISS conference just a few weeks after the occurrence of the 2009 explosion.  Seismic events at 338 

the same depth but more than about 2 km apart have regional signals that do not cross-correlate 339 

well in bands such as 0.5 – to 5 Hz that we are using for precision studies.  And there is even 340 
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greater sensitivity to depth (that is, CC values fall off faster with depth than they do with 341 

differences in epicenter). 342 

 Finally on this point, we note again a conclusion of Ford and Walter—that if the 2010 343 

event were at the Zhang and Wen location it would likely have had signals sufficiently similar to 344 

the explosion of 2009, that the 2010 event would be detectable using cross-correlation methods 345 

on IMS data. 346 

 347 

Magnitude estimates for the 12 May 2010 event 348 

 The magnitudes given in Table 2 are based on root-mean-squared (RMS) amplitude ratios 349 

of a 2009 UNE template trace with known magnitude (4.3 according to Zhao et al., 2012) and 350 

that of the detected signal window, about 50 s in length (P and S included).  The magnitude is 351 

about 1.5 based on data from DBSN stations. 352 

 353 

Characterization of the 12 May 2010 event—earthquake or explosion 354 

 355 

 In this section we describe features in several seismograms obtained for the 12 May 2010 356 

event.  We describe and apply a linear discriminant function (LDF), derived from the P/S 357 

spectral ratios at station MDJ, and apply it to data from DBSN.  In a later section we apply it to 358 

data from the only station (SMT) used by Zhang and Wen (2015a) to analyze spectra, and from 359 

the best station (NE3C) of the NECESS Array.  Our work is done first using only the vertical 360 

component of recorded motions.; and then, where possible, using horizontal as well as vertical 361 

records.  We find that the event of interest consistently has P/S spectral features within the 362 

preferred frequency band putting it into the earthquake population in the several different 363 
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analyses we have conducted.  Our strongest conclusions in this regard, are those based on 364 

measurements made from three-component records. 365 

 We also comment on the method used by Zhang and Wen (2015a) to provide a yield 366 

estimate if the event is taken to be an explosion. 367 

 368 

Observed data from the Dongbei Broadband Seismographic Network (DBSN) 369 

 Seismic records on 12 May 2010 from several stations of the DBSN within about 230 km 370 

from the North Korean test site show signals consistent with the origin time and location 371 

reported by Zhang & Wen (2015a).  The vertical-component record section given in Figure 5 372 

shows possible signals from the event.  The waveforms shown have been passed through a third-373 

order Butterworth filter with cut-off frequencies at 0.8 and 10 Hz.  Seismograms shown in 374 

Figure 5 and later are recordings of ground velocity, since the DBSN stations were equipped 375 

with broadband seismometers flat to velocity between periods ranging from 30 or 60 s to 0.02 s 376 

(0.017 or 0.033 Hz to 50 Hz) (Chun & Henderson, 2009).  At stations DB08 (∆ = 160 km, Az = 377 

0º) and DB17 (∆ = 202 km, Az = 14º), arrival times of P- and Lg-waves are consistent with 378 

signals expected from the 12 May 2010 event. On the other hand, for signals at DB06 (∆ = 181 379 

km, Az = 320º) and at DB05 (∆ = 193km, Az = 306º), only the vertical records show P-wave 380 

arrivals, and two horizontal components show very weak signals nearly comparable to the noise.  381 

At DB10 (∆ = 209 km, Az = 29º), only signals arriving with Lg-wave speed are visible and no P-382 

waves are observed on any of the three components.  Data quality varies between these stations, 383 

with indications of occasional noise bursts at DB04, DB06, and DB10 (Fig. 5).  We place greater 384 

reliance on DB08, and DB09/DB17.  Hence, P- and Lg-wave energy arrivals at several stations 385 

are consistent with the event on 12 May 2010 reported by Zhang and Wen (2015a).  386 
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A comparison of vertical records at DB08 from the 2006 and 2009 UNEs and the 12 May 387 

2010 event is shown in Figure 6a.  P- and S-wave arrival times indicate that the three events 388 

occurred close to each other, but the relatively stronger S-wave on the 12 May 2010 record 389 

suggests that they may not be the same type of source (Figure 6a).  Three-component waveform 390 

data from the 2009 UNE and May 2010 events at DB17, and from the 2006 UNE recorded at 391 

DB09, suggest that the time and location of the claimed event on May 12 is broadly consistent 392 

with the report by Zhang and Wen (2015a) (see Figure 6b).  However, there are questions: is the 393 

12 May 2010 event located as close to the 2009 UNT as claimed by Zhang & Wen (2015a)?  Can 394 

the seismic data tell us if the event is an underground explosion as claimed by Zhang & Wen 395 

(2015a)?  396 

  397 

 398 

Observed data from the Northeast China Extended Seismic Array 399 

The NECESS Array experiment deployed 127 seismographic stations in northeastern 400 

China during Sept. 2009 – Aug. 2011 and the waveform data (recorded continuously at 40 sps) 401 

are available from the IRIS Data Management Center.  Only the station closest to the North 402 

Korean test site shows seismic signals from the 12 May 2010 event that appear suitable for 403 

measurement of spectra. At this station, NE3C (∆ = 164 km, Az = 350º; see Figs. 1 and 2), P- 404 

and Lg-wave arrival times on all three components appears to be consistent with those of the 405 

Dongbei network station, DB08. Figure 7 compares records at DB08 and NE3C. Arrivals from 406 

the event of interest at other NECESS Array stations are of lower quality. 407 

Since the NECESS Array recorded waveform data in continuous mode, we had an 408 

opportunity to examine the entire two years of archive data for additional possible events from 409 
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the same area as the event of 12 May 2010.  Using a 30 s long waveform trace containing P- and 410 

Lg-waves of the 12 May 2010 event as a three-component template, we carried out waveform 411 

cross-correlation detection in a search for similar signals in two years of continuous data.  Using 412 

a criterion of CC  >  0.20 this process yielded 6,373 energetic but dissimilar detections.  Visual 413 

inspection of most of the detections indicated that they are likely quarry blasts, not near the 414 

North Korean test site.  We found no similar events for the period from September 2009 through 415 

August 2011.  Somewhat similar signals were detected on 6 June 2010 at 11:17:51, which were 416 

also found by Ford and Walter (2015).  By comparison with the 12 May event the 6 June event 417 

had magnitude about 2.3, and its signals are observed at other stations.  A preliminary location 418 

for the event suggests that it is about 77 km northwest (Az = 292º) from the 2009 UNE.   419 

 420 

Characterization of the 12 May 2010 event from spectral features 421 

A previous study found eight shallow earthquakes with magnitudes 2.5 to 4.1 that 422 

occurred during 1989 – 2005 within about 200 km of the North Korean test site (see Figure 1 of 423 

Kim & Richards, 2007).  That study also found signals at MDJ from four known chemical 424 

explosions conducted in the summer of 1998 not far from the test site, as part of a PASSCAL 425 

experiment led by Francis Wu (Song et al., 2007).  They were 1 or 2 ton (TNT equivalent) 426 

single-hole shots ranging in magnitude from about 1.0 to 2.0; their signals at MDJ appear as 427 

Figure 6 of Schaff et al. (2012).   428 

In studies of earthquakes and explosions that we have conducted for northeastern China 429 

and the Korean Peninsula, waveform data have been provided from a variety of stations 430 

including BJT, HIA, and MDJ in China; and INCN in South Korea.  Data for these GSN stations 431 

are archived by the IRIS Data Management Center.  In general for discrimination studies we 432 
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would wish to work with as much data as reasonably possible, and in particular to use high-433 

sample-rate records if available.  We note that for some events in the region there are triggered 434 

data sets (notably from MDJ) sampled at 80 sps.  However for practical purposes of developing a 435 

straightforward strategy for applying the P/S discriminant method to signals from the 12 May 436 

2010 event it is necessary to make some choices on what data subsets will be used, and not use 437 

all available data.  Such choices are guided by the facts that: (a) we have direct access to only a 438 

limited number of stations that recorded the event of interest, namely, those of the DBSN, that 439 

also recorded signals from nearby known nuclear explosions; (b) at present we do not have 440 

access to DBSN data from earthquakes in the region; and (c) our station with the most extensive 441 

archive of earthquake and explosion records, namely MDJ, did not provide useful records of the 442 

12 May 2010 event.  (At the time of expected arrival at MDJ, of signals from this event of 443 

interest, there appears to be an Lg arrival from a different event, obscuring the record.)  444 

Though the archive for MDJ includes some triggered higher-sample-rate records (80 sps), it is 445 

consistently reliable for events recorded in the 40 sps continuous data stream. 446 

In these circumstances, our strategy has been to build up a training set of signals at MDJ 447 

for both explosions and earthquakes in the region, and then to find the frequencies at which the 448 

observed values of the P/S spectral ratio provide the best separation of the two populations 449 

(explosions and earthquakes), using standard statistical methods for event classification.  We 450 

have then used this knowledge to evaluate the P/S spectral ratios measured from DBSN stations, 451 

noting that their azimuthal direction from the North Korea test site source region is similar to that 452 

for station MDJ. 453 

To carry out such a strategy, we have identified 12 earthquakes and 12 explosions in 454 

northeastern Korea and northeastern China, mostly within about 200 km from the test site, in 455 
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order to carry out multivariate discriminant function analysis.  The events we use as training sets 456 

are listed in Tables 3 (for explosions) and 4 (for earthquakes), and their locations are indicated in 457 

Figure 1. In addition to the UNEs of 2006, 2009, and 2013, and the chemical explosions of 1998, 458 

we have included industrial explosions in two separate regions of North Korea (in Table 3, the 459 

events numbered 8, 9, and 10; and then numbers 11 and 12).  460 

Three-component waveform data at station MDJ are fairly good for all 24 of the events.  461 

Other GSN stations INCN and BJT show weak seismic signals with relatively poor signal-to-462 

noise ratios. 463 

 464 

P/S spectral amplitude ratio on vertical-component records 465 

Numerous regional seismic event discrimination studies have shown that the high-466 

frequency (usually higher than 3 – 4 Hz), P/S spectral amplitude ratios of regional P (Pg or Pn) 467 

and S (Sg, Sn or Lg) waves are observed over distances ranging from a few kilometers up to 468 

about 2,000 kilometers, and provide an efficient method to classify regional earthquakes, quarry 469 

blasts and underground nuclear explosions (e.g., Kim et al., 1993; Kim et al., 1997; Hartse et al., 470 

1997, among many others).  The high-frequency P/S spectral ratios on vertical-component 471 

regional records, have been used successfully with a misclassification probability of a few per 472 

cent (e.g., Kim et al., 1993).  Distance corrections have also been applied to P/S ratios, 473 

significantly improving the discrimination power, particularly if the events have data recorded 474 

over a wide distance range (e.g., from 3° to 17°).   In particular, Kim et al., (1997) and Pasyanos 475 

and Walter (2009) have demonstrated improvement in discrimination capability when P/S 476 

spectral ratios have been corrected for attenuation effects in a region that exhibits significant 477 

variation in attenuation (parts of Central and South Asia). 478 
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Figure 8 shows vertical-component log10(Pg/Lg) spectral amplitude ratios at discrete 479 

frequency points between 1 and 15 Hz used in discrimination analysis for 12 earthquakes and 12 480 

explosions (five chemical explosions, four shots known to have been conducted in single holes, 481 

and three North Korean nuclear tests) recorded at MDJ.  To calculate P/S spectral amplitude 482 

ratios, Pg and Lg signals are windowed with a Gaussian weighting function centered at group 483 

velocities around 5.9 – 6.0 and 3.3 – 3.4 km/s, respectively.  A standard deviation, , of ref = 484 

2.5 s is used for the Lg Gaussian window at a reference distance of ∆ref = 100 km. The window 485 

includes Lg arrivals with group velocities between 3.66 and 3.09 km/sec in its ± width centered 486 

at 3.35 km/s, and the Gaussian window is truncated at ±1.96  (95%), which includes signals 487 

within the group velocity range from 4.0 to 2.88 km/s. Window lengths at different distances are 488 

scaled by  = ref  ∆/∆ref. Thus, the time window used for Lg has the same group velocity 489 

window regardless of distance. The Pg window length of ref = 2.0 s is used, so that the Pg 490 

window includes P arrivals with group velocities between 6.7 and 5.3 km/s regardless of distance 491 

when centered at 5.9 km/s.  The Pg and Lg signals, weighted by the Gaussian functions, are fast 492 

Fourier transformed. The resulting amplitude spectra are smoothed with another Gaussian 493 

function having  = 1 Hz and are resampled at every 1-Hz interval from 1 to 15 Hz.  15 to 16 Hz 494 

is a conservative upper limit of the seismic data available from MDJ and other GSN-type stations 495 

in the region, since stations recorded seismic data continuously at 40 samples/s, and occasionally 496 

at 80 or 100 samples/s in trigger mode.  For the two training sets of 12 earthquakes and 12 497 

explosions, seismic data with high signal-to-noise were selected for P/S spectral ratio analysis.  498 

However, P or S arrivals from two low-magnitude single-hole explosions in the training set at 499 

high frequencies (above 10 Hz) fall below the ambient noise on some records, and for this reason 500 

the P/S ratios at high frequencies were deemed to be less reliable.  501 
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The vertical-component P/S spectral amplitude ratios from two UNEs and the 12 May 502 

2010 event recorded on Dongbei stations (DBSN) in Northeastern China along the China-North 503 

Korea border region are also plotted.  Among a total of 17 stations of DBSN, only a few 504 

stations—DB08 and DB17—show clear P- and S-waves from the 12 May 2010 event (Figure 5).  505 

Station DB08 also recorded the two UNEs of 2006 and 2009 (see Figure 6a).  Station DB17, the 506 

other Dongbei station providing good data for the event of interest, recorded the 2009 UNE, but 507 

not that of 2006, for which we can turn to a nearby station, DB09, as described in Figure 6b. 508 

Hence, stations close together were used to compare spectral characteristcs and P/S amplitude 509 

ratios (see also Figure 7).  Noise analyses of DBSN data, based on use of a pre-P-wave-arrival 510 

noise window, indicate that signal-to-noise ratios (SNR) are quite high in most of the records, 511 

but in some cases, the signals fall to the background noise level above 10 Hz.  For example, the 512 

vertical record at DB08 from the12 May 2010 event shows that Lg wave spectral amplitudes at 513 

11-12 Hz are smaller than the noise amplitude, so the Pg/Lg ratio is less reliable in those 514 

frequencies (see Figs. 6a, 7 & 8). 515 

 516 

Selection of the most effective frequencies for purposes of event discrimination 517 

 As mentioned in the previous section, many studies of P/S spectral ratios have 518 

employed data in the 1 – 5 Hz band, whereas Kim et al. (1993, 1997) and Kim and Richards 519 

(2007) have shown the utility of 5 – 15 Hz data in separating earthquakes from explosions when 520 

such higher frequencies are available. To explore the discrimination power of P/S spectral ratios 521 

at various frequencies, we use the Mahalanobis distance-squared measure between the 522 

multivariate means of the earthquake and explosion populations, which is related to 523 

misclassification probabilities (as shown, e.g., by Kim et al., 1993).   524 
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 Thus, we are working here with fEq(r) and fEx(r) as the probability densities of 525 

measurable features of the two types of events, where r is a column vector representing 526 

log10(P/S) values, sampled at d different frequencies.  We follow the formalism as described for 527 

example in the textbook by Seber (1984).  The mean data vector and covariance matrix 528 

associated with the training set of 12 earthquakes are µEq = (1/12) ∑i = 1
12 rEq

i  and  SEq = (1/11) 529 

∑i = 1
12 (rEq

i  – µEq)
T (rEq

i  – µEq), and similarly for the training set of explosions to obtain  µEx  530 

and  SEx, where  T  denotes a transpose. 531 

 We evaluate a linear discriminant function D(r) under the assumptions that sample 532 

distributions are normal, the two covariance matrices (describing the scatter of values measured 533 

for the two training sets) are effectively the same, and the events in the training sets are correctly 534 

classified.  This linear function is 535 

 536 

  D(r)  =  T [r  –  (µEq  +  µEx) / 2]   where    = S –1 (µEx  –  µEq)  (1) 537 

 538 

and  S  is the average of  SEq and  SEx.  Conceptually, if r is a dataset for a particular event, then 539 

D(r), which is a scalar, is a dimensionless measure of the distance between r and the average of 540 

the two training sets, expressed in standard deviation units.  Further discussion of D(r) is given 541 

in a tutorial section of the electronic supplement to this paper.  If, a priori, we make the simple 542 

assumption that a new event is equally likely to be an earthquake or an explosion, then an event 543 

with  D(r) > 0 is taken to be an explosion, and an event with  D(r) < 0 is taken to be an 544 

earthquake. Our definition of D is the negative of that used by Kim et al. (1993 and 1997).  This 545 

change is motivated by the tutorial discussion given in the electronic supplement, and noting that 546 

typically the log (P/S) values of explosions are higher than those of earthquakes, so components 547 

of the vector µEx  –  µEq are positive. 548 
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 The Mahalanobis distance-squared measure between population means, ∆2, given by  549 

∆2 = D(µEx)  – D(µEq), is calculated and contoured in Figure 9, for different choices of the LDF 550 

(linear discriminant function), using 1, 2, 3, 4 and 5 variables (values of d, the number of discrete 551 

frequencies), for frequencies in the range from 1 to 15 Hz.  Although misclassification 552 

probabilities tend to decrease as d increases, the computational effort to provide a vector 553 

observation goes up with d.  Both the precision of estimation, and the robustness of the LDF, fall 554 

off with increasing d.  LDF analysis, and related F-statistics, work well for two groups 555 

(earthquakes and explosions), with parameters less than 5 and number of observations (events) 556 

greater than 9 in all groups (Seber, 1984).  We have therefore selected d = 4 as the optimum 557 

number of parameters for our LDF analysis using P/S ratios in this study.  Furthermore, we have 558 

worked within a simple framework in which the multivariate means of the explosion and 559 

earthquake populations are found to be significantly different, and the covariance matrices of the 560 

two groups (i.e., the scatter of the two populations) are effectively the same.  We recognize the 561 

merit of working with a subset of the d variables in P/S ratios that are based upon lower 562 

frequencies whenever these can be effective, because low frequency P/S ratios may be less 563 

subject to frequency-dependent amplitude attenuation during wave propagation, and because 564 

data at the lower frequencies may be more readily acquired (for example, at more stations).  But 565 

it is clear from Figure 8 that the two populations tend to separate better at the higher frequencies, 566 

which are available for our use in the present case. 567 

 568 

Discrimination power of vertical-component P/S spectral ratios at MDJ 569 

 For vertical component P/S ratios, frequencies between 3 and 6 Hz, and 6 and 12 Hz 570 

will carry most of the classification power, as indicated by Figure 9.  The shaded contours are for 571 
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values of Mahalanobis ∆2 and they show the classification power of each frequency for chosen 572 

sets of 1, 2, 3, 4 and 5 frequency values, resulting in progressively higher Mahalanobis distance-573 

squared values, as expected. From Figure 9, we consider three frequencies in the band from 7 to 574 

11 Hz (i.e. at 7, 9, and 11 Hz), and for four frequencies between 6 and 11 Hz, as the most robust 575 

region for discrimination.  At lower frequencies, values in the range 3 to 5 Hz and 2 to 5 Hz are 576 

most robust, for three and four frequency values, respectively. Ranges including 5 to 6 Hz are 577 

not good, because for them the covariance matrices of the two populations are not the same 578 

(Seber, 1984; Kim et al., 1993).   579 

 For the case of four variables used, and discrete frequencies between 6 and 9 Hz, the 580 

analysis is based specifically upon 6, 7, 8 and 9 Hz.  In this case all earthquakes and explosions 581 

are correctly classified on the basis of MDJ data, and the Mahalanobis distance squared is ∆2 = 582 

20.7 with misclassification probability of 1.15%.  Adjacent frequency bands also provide strong 583 

discrimination power: 7 to 10 Hz (∆2 = 19.9; misclassification probability = 1.29%), and 8 to 11 584 

Hz (∆2 = 19.2; misclassification probability = 1.42%).  Broad frequency bands between 6 and 12 585 

Hz provide strong classification power with small misclassification probabilities of about 1.1% 586 

to 1.9% (Figure 9).  587 

 Our discussions below are based upon use of four frequencies, but here we note that if 588 

three variables in the frequency band 8–10 Hz are used (i.e.: 8, 9, and 10 Hz), the Mahalanobis 589 

distance is ∆2 = 19.2 and all earthquakes and explosions are correctly classified with 590 

misclassification probability = 1.42%.  Using 7, 8, and 9 Hz, we find ∆2 =18.3 and 591 

misclassification probability = 1.62%; using 9, 10, and 11 Hz, ∆2 =16.5 and misclassification 592 

probability = 2.1%.  Thus use of three frequencies yields reasonable discrimination power, 593 

although we have chosen in the analysis below to work with four frequencies.  594 
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 595 

Linear discriminant function from vertical-component Pg/Lg ratios 596 

The best LDF from the vertical-component Pg/Lg ratio measured from the sample data 597 

sets consisting of 12 earthquakes and 12 explosions is obtained for discrete frequencies 6 – 9 Hz.  598 

For each event, vertical-component log10(Pg/Lg) ratios at frequencies of 6, 7, 8 and 9 Hz 599 

correspond to the variables r1, r2, r3, and r4. The linear discriminant function is obtained as 600 

 D(r) = –7.46 + 12.88r1 + 4.28r2 – 26.81r3 + 40.19r4      (2) 601 

for which  ∆2 = 20.7 and the misclassification probability is 1.15%. 602 

Values of D(r) may be called the discriminant score and are plotted in Figure 10 with 603 

respect to the mean log10(Pg/Lg) spectral amplitude ratio of each event. Vertical lines in the 604 

Figure denoted as Eq and Ex are the projection of the multivariate mean of the earthquake and 605 

explosion populations, respectively. The vertical line, D0, is the line D(r) = 0, which serves to 606 

classify events when the a priori probability of the two populations is the same. The distance 607 

between Eq and Ex is the Mahalanobis D-squared measure of distance between two populations. 608 

It follows from the logarithmic values in Figure 10 (also, from Figure 8) that all the earthquake 609 

records from various paths in northeastern China and North Korea have a mean vertical-610 

component Pg/Lg spectral ratio of about 0.6 (and hence a logarithmic value around  –0.2), while 611 

the explosion records show a mean of about 3.2 (logarithmic value around  +0.5) in the 612 

frequency band from 6 to 9 Hz.  613 

 614 

Classification of known underground nuclear tests and of the claimed event on 12 May 2010 615 

We tested the performance of the high-frequency discriminant function described above, 616 

equation (1), by applying it to the two known nuclear tests at the North Korean test site which 617 
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were recorded at Dongbei network stations. These two known explosions recorded by this 618 

network are correctly classified, as shown in Figure 10, indicating that high frequency, vertical-619 

component Pg/Lg spectral ratios are capable of classifying earthquakes from explosions in the 620 

northeastern North Korea – northeastern China region. We also tested the claimed event of 12 621 

May 2010 recorded at Dongbei network stations – DB08 and DB17, using the above 622 

discriminant function.  We found that the claimed event on 12 May 2010 was classified as an 623 

earthquake (the red square in Figure 10), based on our study of vertical-component waveforms.  624 

 625 

P/S spectral amplitude ratio on three-component records 626 

The high-frequency P/S spectral ratios of rotated, three-component regional records, have 627 

been used successfully with total misclassification probabilities of only a few percent (e.g., Kim 628 

et al., 1997).  In this study, we apply that previous experience to data collection and analysis for 629 

northeastern North Korea and NE China in order to evaluate the P/S ratios of three-component 630 

records from the 12 May 2010 event described by Zhang and Wen (2015a).   631 

The method is simply to rotate the observed NS- and EW-component seismogram pairs 632 

to obtain radial (R) and tangential (T) components.  The P/S ratios of three-component records 633 

are then formed for each station by defining P / S = (PZ
2 + PR

2)½ / (SZ
2 + SR

2 + ST
2)½  where 634 

subscripts indicate the component.  For example, PZ indicates the spectral amplitude of P waves 635 

on the vertical-component (Z), and SR indicates the spectral amplitude of S-waves on the radial-636 

component.  A single three-component P/S ratio is obtained for each discrete frequency.  This 637 

approach uses the observation that explosive sources tend to excite relatively strong and 638 

impulsive P waves and weak shear waves, whereas earthquakes as shear-dislocation sources tend 639 

to generate weak P waves but relatively energetic S waves, particularly on the transverse 640 
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component. Figure 11 shows three-component log10(Pg/Lg) spectral amplitude ratios at discrete 641 

frequency points between 1 and 15 Hz used in discrimination analysis for our sample data set of 642 

12 earthquakes and 12 explosions.  643 

Note that when a P-wave or S-wave is incident upon a seismometer sited near the Earth’s 644 

free surface, the recorded ground motion consists of a superposition of P-waves and S-waves 645 

(there are reflected P- and S- waves as well as the incident wave).  Kim et al. (1997) showed that 646 

a slight improvement in discrimination capability can be achieved, if, instead of using rotated 647 

components, an additional correction is made, namely, removing the effect of the P- and S- 648 

waves reflected at the free surface. See also Problem 5.7 of Aki and Richards (2009). But such a 649 

correction entails making additional assumptions, for example on near-surface structure, and on 650 

the horizontal slowness of the recorded waves.  The additional capability may not be worth the 651 

trouble associated with making the additional assumptions. 652 

The three-component log10(Pg/Lg) spectral amplitude ratios from the earthquake and 653 

explosion populations overlap significantly at frequencies 1 through 4 Hz, but the spectral ratios 654 

from the two populations are fairly well separated at frequencies greater than 5 Hz (Figure 11).  655 

The overlap and separation of high-frequency spectral ratios from these two populations are also 656 

generally observed for other regions such as southern Korea (Kim et al., 1998), and nuclear test 657 

sites in China (Hartse et al., 1997) and Nevada (Walter et al., 1995).   658 

Three-component P/S spectral amplitude ratios are generally similar to those measured 659 

from vertical-components in broad frequency bands: P/S ratios of the earthquakes are fairly well 660 

separated from those of explosions at frequencies above 5 Hz. The average P/S ratio of 661 

earthquakes in the 1–15 Hz band is about 0.4, whereas the mean P/S ratios of explosions in the 662 

same frequency band is about 1.5 (see Figure 11).  But the discrimination capabilities when 663 
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using three-component data are somewhat improved (over use of vertical components only), as 664 

we next discuss.   665 

 666 

Discrimination power of three-component P/S spectral amplitude ratios at MDJ 667 

We evaluated the discrimination power of three-component P/S ratios using methods similar to 668 

those applied to the vertical-component data.  The resulting discrimination power is shown at 669 

various discrete frequencies, and for different numbers of parameters used, in Figure 12.  Broad 670 

frequency bands between 6 and 12 Hz, with 3 and 4 parameters used for the LDF, provide strong 671 

classification power with very small misclassification probabilities ( ~ 0.5 –  1.27%).   Further 672 

details on the discrimination power obtained with different choices of frequency are provided in 673 

the electronic supplement.  We next go forward using our best choice. 674 

 675 

Linear discriminant function based on the three-component Pg/Lg ratio  676 

The best LDF from the three-component Pg/Lg ratio for the sample data sets, consisting 677 

of 12 earthquakes and 12 explosions recorded at station MDJ, is obtained for four discrete 678 

frequencies in the band 6 – 9 Hz.  For each event, let three-component log10(Pg/Lg) ratios at 679 

frequencies of 6, 7, 8 and 9 Hz correspond to the variables r1, r2, r3, and r4. The linear 680 

discriminant function we obtain, is 681 

 D(r) = – 4.33 + 14.43r1 – 16.77r2 – 12.04r3 + 45.91r4               (3) 682 

with ∆2 = 25.6. All earthquakes and explosions in our training sets are classified correctly 683 

(Figure 13), and the misclassification probability is only 0.57%.  We can now use this LDF to 684 

classify seismic events in northeastern North Korea and northeastern China.  685 

 686 
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Classification of known underground nuclear tests and the claimed event on 12 May 2010  687 

We tested the performance of the above high-frequency discriminant function, eq. (3), by 688 

applying it to the dataset of two known nuclear tests at North Korean test site recorded at 689 

Dongbei network stations. We found that two known explosions are correctly classified (Figure 690 

13).  We also evaluated the seismic event on 12 May 2010 recorded at Dongbei network stations 691 

(DB08 and D17), using the above discriminant function, finding that the event is then classified 692 

as an earthquake (Figure 13).  693 

 694 

Lack of effects due to distance and magnitude, on the measured spectral ratio 695 

Figure 14 shows the measured three-component P/S ratios plotted against epicentral 696 

distance. In cases where high frequencies are significantly attenuated, there can be a distance 697 

dependence in the ratio and it may then be useful to make a correction to the observed spectral 698 

ratio, as done for example by Kim et al. (1997) and Pasyanos and Walter (2009), to account for 699 

the fact that the denominator (based on S-wave data) may attenuate with distance differently 700 

from the numerator (based on P).  But we have not made a correction for distance, since 701 

earthquakes and explosions in the distance range 150 to 550 km show no clear distance-702 

dependence of the ratios, and the training set data have comparable distance ranges and are 703 

tightly distributed. The twelve earthquake events have an average epicentral distance of 368±96 704 

km, whereas average distance for the twelve explosions is 320±71 km (Figure 14a).   705 

Note that P/S ratios of the earthquakes and explosions show separation along a horizontal 706 

line, namely  log10(Pg/Lg) = ~  0.1  (the data here are for chemical explosions, single-hole shots, 707 

UNEs, UNEs recorded at DBSN, and the claimed event on 12 May 2010).  708 
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To conclude on this point: in the present case distance corrections can be ignored, since 709 

all events are typically within 200 km from each other, and the paths have very low attenuation. 710 

The lack of dependence of P/S ratios on magnitude, in the magnitude range we are using, 711 

was studied in detail by Pan et al. (2007), who wrote that:  712 

“Applicability of regional P/S amplitude ratios for the discrimination of low-magnitude seismic 713 

events was tested and proved using earthquakes and explosions in central Asia. Results obtained 714 

show that regional P/S amplitude ratios which may discriminate medium or large magnitude 715 

events well are also applicable to low magnitude events…” 716 

 The P/S ratio of each record is plotted against event magnitude in Figure 14b. Again there 717 

is no clear correlation of P/S ratios on magnitude, and we have made no correction for a 718 

magnitude effect.  Note that the low magnitude of the 12 May 2010 event is comparable to 719 

magnitudes of the small single-fired chemical explosions in our training set (events numbered 4 720 

to 7 in Table 3); its P/S spectral ratio, averaged over the frequencies 6 to 9 Hz, at stations DB08 721 

and DB17, is lower (and hence more earthquake-like) than this ratio for any of these four 722 

chemical explosions at the MDJ station. 723 

 724 

Event magnitude, and relationships between magnitude, depth, and yield (for explosions) 725 

 Zhang and Wen (2015a) assign an Lg magnitude of 1.44 to the 12 May 2010 event.  726 

Taking the event to be an explosion they interpret this magnitude to obtain a yield estimate on 727 

the basis of several assumptions, including: 728 

•   use of a relationship between the teleseismic P-wave magnitude and log (yield) proposed by 729 

Bowers et al. (2001) for underground explosions at Novaya Zemlya, 𝑚b  =  4.25 +730 

0.75  log 𝑌 for Y in kilotons for Y ≥ 1 kt; 731 
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•   correcting their magnitude for a depth effect as proposed by Denny and Johnson (1991) and 732 

Patton and Taylor (2011), which for a P-wave 𝑚b amounts to adding a term  733 

−0.7875 log [ℎ 120 𝑌
1

3⁄⁄ ] to the right-hand-side of the magnitude–yield relation for an 734 

explosion conducted at a depth h (in meters) rather than at the standard depth of 120 𝑌
1

3⁄ ; and 735 

•   taking the source depth h to be 230 m on the basis of differencing surface elevations 736 

associated with the entry and the end of a presumed adit. 737 

 738 

 But the numbers 4.25, 0.75, 0.7875, and 230 all have uncertainties in the original studies 739 

from which they were derived, with further uncertainties in application to nuclear explosions at 740 

the North Korean test site; the application of a P-wave magnitude correction for depth to a 741 

magnitude based on Lg-waves is questionable; and the underlying assumption of a one-to-one 742 

correspondence between a magnitude and yield at a particular depth, without regard to coupling 743 

conditions or knowledge of local geology or cavity gases, is inappropriate.  The overall 744 

uncertainty of yield estimation in practice, even accepting the event to be an underground 745 

explosion of some sort (chemical or nuclear), is therefore considerable.  According to an Office 746 

of Technology Assessment (OTA) report of the US Congress (1988), yield estimates are 747 

typically associated with a factor of uncertainty.  For a yield estimate given as 𝑌̂, and F as the 748 

factor of uncertainty, the actual yield lies within a 95% confidence interval given by  𝑌̂/𝐹 ≤749 

 𝑌(actual)  ≤  𝑌̂ ∗ 𝐹); and F is about 2 in the case of estimates based upon teleseismic P waves.  750 

Refinements have been made in the case of well-studied test sites, but even with a unified yield 751 

estimate based upon a variety of seismological methods the factor of uncertainty is still around 752 

1.3 according to the same OTA report, and this is in the context of estimating the yield of a large 753 

underground explosion (tens of kilotons).  For all explosions, yield estimates are subject to 754 
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uncertainties associated with the degree of coupling of nuclear energy into seismic waves, and 755 

such coupling is potentially easier to modify for small explosions than for multi-kiloton 756 

explosions.  There is also the fact that just a few regional seismic signals are being used in the 757 

present case, with no opportunity to average tens or hundreds of teleseismic signals to obtain a 758 

reliable magnitude, as would be the case for a multi-kiloton event. 759 

 To summarize here: the yield of tamped explosions with magnitude in the range around 760 

1.5 is on the order of one ton (TNT equivalent), but with considerable uncertainty, perhaps as 761 

much as a factor of five.  762 

 763 

Discussion 764 

 During the late stage of CTBT negotiations in the 1990s, three categories of network 765 

were under consideration for treaty verification.  These were variously called alpha, beta, and 766 

gamma networks; or primary, auxiliary, and supplementary networks.  The primary and auxiliary 767 

networks have become a reality as components of the International Monitoring System (IMS) of 768 

the CTBTO.  As noted for example by the US National Academy of Sciences (2012), the IMS 769 

and the associated International Data Centre are now providing verification capability that is 770 

significantly better than had been anticipated in the 1990s.   771 

 The event on which we focus in this paper, at magnitude about 1.5, has seismic signals 772 

about 300 times smaller than those of North Korea’s first nuclear test, conducted in 2006. 773 

 We have been led to write a lengthy paper, analyzing such a very small seismic event, for 774 

two main reasons.  First, the event has been characterized as a small nuclear explosive test, and 775 

we deem this conclusion to be unsupported by the seismological evidence available to us for 776 

reasons we have now presented (Figures 10 and 13) and which we augment in this section.  777 
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Second, it is surely important to convey a sense of current capabilities when reporting on signals 778 

from a region for which extensive supplementary data are available.  We advocate for open 779 

access to such data, given its potential to help clarify the nature of problem events. 780 

 Our analysis has emphasized Mahalanobis methods of event classification, which led us 781 

objectively to conclude that P/S values measured at frequencies in the range from about 6 to 12 782 

Hz provide the best discrimination.  It may be somewhat surprising that higher frequencies (up to 783 

the 15 Hz values accessible from 40 sps data) are not more effective; and we are aware of the 784 

fact that P/S values for the 12 May 2010 event recorded at DBSN stations tend to move upward 785 

toward the explosion population at frequencies above 11 Hz in Figures 8 and 11.  But at these 786 

higher frequencies and for these stations, these two Figures also show that P/S values for the 787 

UNEs of 2006 and 2009 are notably high within the explosion population.  So, comparing P/S 788 

values just at DBSN stations, the 12 May 2010 event lies well below the two UNEs. 789 

 790 

Application of our linear discriminant function to additional data 791 

 Although the seismograms used by Zhang and Wen (2015a) are not currently available to 792 

us, their paper provides values of the vertical-component P/S spectral ratios they have measured 793 

from signals recorded at their best station (SMT, in a borehole at a distance of only 120 km from 794 

the North Korea test site).  We have read these values from their Figure 5, for three earthquakes 795 

(events 5, 9, and 10 of our Table 4), for two known nuclear explosions (events 2 and 3 of our 796 

Table 3), and for the 12 May 2010 event, at the frequencies needed to evaluate the linear 797 

discriminant function we have used in our Figure 10.  In Figure 15 we have added these six 798 

points, derived from the data of Zhang and Wen, to points shown in Figure 10.  Based on 799 

measurements made from SMT seismograms, the known earthquakes and explosions fall 800 
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appropriately into their respective populations, and the 12 May 2010 event falls among the 801 

earthquakes.  In Figure 15 we also show a point derived from the NE3C station of the NECESS 802 

Array, for the event of interest.  It is somewhat of an outlier among the earthquakes, but on the 803 

side away from being explosion-like.    804 

 The linear discriminant functions we have obtained, in equations (2) and (3), share a 805 

characteristic that was exhibited in our earlier studies (Kim et al., 1993 and 1997), namely, that 806 

these formulas involve a mix of signs, positive and negative, for the various contributing ri 807 

values.  The equations define hyperplanes that separate the two populations—earthquakes from 808 

explosions.  The D(r) measures are quite robust, since we obtain similar results with alternative 809 

choices of which frequencies to use and how to weight them.  Note that the average values of 810 

log10(P/S) given on the vertical axes of Figs. 10, 13, and 15, represent a quite different linear 811 

combination of ri values, and these average values also lead to separated earthquake and 812 

explosion populations, albeit with somewhat greater misclassification potential than use of the 813 

horizontal-axis values derived from (2) and (3). 814 

 A key assumption of the Mahalanobis analysis in this paper, is that a linear discriminant 815 

function developed from training sets of MDJ data is suitable for application to waveform data 816 

(recorded at regional distances over low-attenuation paths) from other stations.  The NECESS 817 

Array stations appear to provide us with an opportunity to evaluate this assumption, and to this 818 

end we have examined spectral ratios for 125 examples of three-component P/S from six 819 

earthquakes and six explosions, using waveforms drawn from 20 NECESS Array stations.  The 820 

data are far from ideal, in that this was a temporary deployment, too short (from September 2009 821 

to August 2011) to enable study of larger training sets, and it did not acquire data from any one 822 

of the four known UNEs in North Korea.  Nevertheless it was interesting to carry out a linear 823 
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discriminant function (LDF) analysis of the training sets for NECESS Array data and to find that 824 

P/S spectral ratios between 6 and 11 Hz provided the greatest Mahalanobis separation between 825 

the two population means.  The ∆2 value was even greater than was the case for MDJ data 826 

(discussed in Figure 13).   827 

 Seber (1994) suggests that LDF analysis should be good for at least nine events in each 828 

population when using fewer than five parameters (frequencies, in our case).  But we went ahead 829 

with our somewhat smaller test data sets and tested for portability of the LDF.  The first test, was 830 

to classify the 12 explosions and 12 earthquakes of Tables 3 and 4 by applying the NECESS 831 

Array LDF to MDJ data.  All 12 explosions were correctly classified, but about half of the 832 

earthquakes were classified as explosions.  Notably, the two populations were simply and 833 

completely separated by whether the log P/S values for each event, averaged over high 834 

frequencies such as 10 – 13 Hz, lay above zero (the 12 explosions) or below zero (the 12 835 

earthquakes).  A second test was to use the MDJ LDF to classify the six earthquakes and four 836 

explosions and two unknown events which provided the NECESS Array LDF.  All earthquakes 837 

were correctly identified, but in this case two of the explosions were misclassified—due, we 838 

suggest, to lower-quality waveforms and the unknown nature of some of the events.  839 

 To summarize:  our efforts to use NECESS Array data were frustrated by the quality of 840 

data and lack of training events available for obtaining a reliable linear discriminant function. 841 

 Our objective criterion for identifying the event has been its Mahalanobis score (negative 842 

for an earthquake, positive for an explosion), established on the basis of having just two classes 843 

of events, as developed via training sets using MDJ data.  But then we might ask if there are 844 

other types of seismic event, with characteristics that are not obviously to be associated with the 845 

events of our Table 3 (explosions) or Table 4 (earthquakes).  For example, on the basis of 846 
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observed P/S spectral ratios, how would we expect to classify an unusually deep small 847 

earthquake—or a small explosion that was ripple-fired rather than single-fired, and/or was 848 

conducted at or just above the surface rather than at the contained depth of known nuclear 849 

explosions in North Korea?  Should we expand the number of source types, or expand the 850 

characteristics of the two types we have worked with, in order to include the characteristics of 851 

such unusual earthquakes and explosions in our training sets?  We raise these questions, to make 852 

clear that in this paper we are not stating there is rigorous evidence that the seismic event of May 853 

12, 2010, was an earthquake, but rather that it appears to have been an earthquake on the basis of 854 

considerably more seismological data—and objective analysis—than has been provided by 855 

Zhang and Wen (2015a).   856 

 In the course of our work we have been asked if the 12 May 2010 event could be from a 857 

decoupled explosion.  Consideration of this possibility seems not to be relevant in the present 858 

case, at least for decoupled explosions conducted with the goal of reducing signal amplitudes 859 

radiated in all directions and thus with the explosive device not near the cavity walls.  Such 860 

decoupled explosions are found to generate signals with P/S spectral ratios even higher than for 861 

signals from tamped explosions (Blandford, 1996), and our observation for the May 2010 event 862 

is that its P/S spectral amplitudes were lower than for tamped explosions.  But then: could the 863 

event have been a partially-decoupled explosion conducted asymmetrically in its cavity?  There 864 

is limited practical experience to show that such an explosive source generates S-waves more 865 

efficiently (hence appearing more earthquake-like) than for a decoupled explosion at the center 866 

of a spherical cavity.  Stevens and Baker (2009) describe a 1-ton chemical explosion conducted 867 

in Kyrgyzstan in 1960, offset from the center of a spherical cavity with radius 4.92 m.  Theory 868 

and very limited data from this shot indicate S-waves comparable to P-waves at around 10 Hz.  869 
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The S-wave source is effectively a dipole, and therefore would be expected to exhibit amplitudes 870 

decreasing significantly at low frequency—a feature we do not observe for DBSN data. 871 

 Ultimately, the characterization of a small seismic event by a method such as described 872 

here may not be deemed to provide sufficient evidence on the nature of a problem event in the 873 

context of the Comprehensive Nuclear-Test-Ban Treaty after entry-into-force, but may serve 874 

purely as an indicator. In the presence of conflicting indicators, such as from radionuclide and 875 

seismic monitoring, the need for clarification may be a basis for requesting an on-site inspection. 876 

 Looking ahead, there is the prospect of being able to analyze additional data, but from the 877 

Dongbei network, which was deployed for about seven years.  When relevant data become 878 

available, we plan to apply our evaluation of P/S spectral ratios directly to data from the Dongbei 879 

network using training sets from earthquakes and explosions derived from the same stations for 880 

which we have signals of the 12 May 2010 event.  From the Dongbei waveform archive, we 881 

would expect to learn whether there are other small seismic events near the North Korea test site.  882 

The LDF method we employed in this study has the merit of allowing new training data to be 883 

added to existing data, to update the LDF, thus enabling a process of learning from the new data. 884 

 Our analysis of discrimination capability in this paper has emphasized an application to 885 

one particular event.  But our method potentially has wide application.  For example, many data 886 

centers that prepare catalogs of seismic events, from waveform data acquired by regional or local 887 

networks, are concerned to not include explosions from industrial or construction activities, 888 

because the catalog may be intended for studies of tectonic activity—that is, it should contain 889 

only natural earthquakes.  Our discrimination method based on equations (2) or (3) can be very 890 

suitable for such an application. 891 
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 We wish to emphasize the very small size of the event in May 2010 studied here.  With 892 

signals about 3.5 magnitude units smaller than those of nuclear tests in 2013 and 2016, its 893 

seismic signals are about three thousand times smaller.  The event is on the margins of what can 894 

be detected and identified, and is thus useful as an indication of those margins.  It is remarkable 895 

that significant data exists, enabling our effort to characterize such a very small event.  At this 896 

low size, we are stretching current monitoring capability to new low levels, below those 897 

described for example in the latest report of the US National Academy of Sciences (2012, Figure 898 

2-7 and related discussion of monitoring for CTBT compliance). 899 

 The need to address problem events, has historically been the way in which the 900 

monitoring community has been prompted to develop new methods—which, if demonstrated to 901 

be successful, have eventually come into operational use.  Over time we can expect monitoring 902 

capability to improve, both for broad areas and for particular regions of interest. 903 

 904 

Summary and Conclusions  905 

 First, to locate the 12 May 2010 seismic event, we analyzed Lg-wave cross-correlation 906 

measurements and phase picks from temporary stations to conclude that the event is more than 1 907 

km from the 2009 nuclear test and is most likely located between about 4 and 10 km to the 908 

southwest of this known explosion in North Korea.   909 

Second, in order to assess the nature of the event, we analyzed waveform data from a 910 

Global Seismographic Network (GSN) station, MDJ in northeastern China, for events at 911 

distances from about 200 to 600 km, including earthquakes and chemical and nuclear explosions, 912 

in and near the northern regions of North Korea, to identify a linear discrimination function 913 

(LDF) based on measurements at MDJ of P-to-S spectral ratios (P/S) that could most effectively 914 



 41 

be used to discriminate between small earthquakes and small explosions.  We then applied that 915 

experience, acquired from station MDJ, to a limited set of seismic signals recorded by the 916 

Dongbei Broadband Seismographic Network which included those from two known nuclear 917 

explosions in North Korea, and from a small seismic event (M ~ 1.5) on 12 May 2010 near the 918 

North Korea test site, reported by Zhang and Wen (2015a), which was claimed by them to be a 919 

small nuclear explosion.  When our LDF is applied to DBSN data, and to data from stations 920 

SMT and NE3C in China, the LDF values measured from P/S ratios from known explosions are 921 

explosion-like; but for the event of 12 May 2010 the LDF values are earthquake-like for 922 

frequencies between 6 and 12 Hz.  In the present case, and taking account of signal-to-noise 923 

ratios (which degrade at higher frequencies), the band from 6 to 9 Hz appears to provide the best 924 

discrimination capability. 925 

Thus we find the event of interest to have the characteristics of an earthquake, on the 926 

basis of the best seismological data we have been able to obtain—which includes the P/S spectral 927 

measurements reported by Zhang and Wen (2015a).  This is a preliminary conclusion, which we 928 

and/others can examine further if additional data from DBSN, and from other stations in the 929 

region, become available. 930 

Our results suggest that vertical- and three-component P/S spectral ratios provide an 931 

efficient method for classifying earthquakes and explosions in northeastern North Korea and 932 

northeastern China down to only a few tons TNT equivalent. 933 

 From our work, there is at present still no explosive seismic event to associate with the 934 

known radionuclide anomalies reported by De Geer (2012).  The event first detected and 935 

reported by Zhang and Wen (2015a), being found here to have earthquake-like features, appears 936 

not to be an appropriate candidate for consideration as a decoupled explosion. 937 
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(www.kma.go.kr/weather/earthquake/domesticlist.jsp –last accessed January 2016), and the 949 

Korea Institute of Geology and Mineral Resources (KIGAM) ( quake.kigam.re.kr/pds/db/db.html   950 

–last accessed January 2016). 951 
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Tables 1119 

 1120 

 1121 

Table 1. Key detection values and probabilities for a 2010 event on the Dongbei network 1122 

 1123 

Station CC tpeak (s) tlag (s) p 

DBN08 0.08 0.18 46.46 0.0039 

DBN06 0.06 0.19 10.74 0.017 

DBN17 0.16 0.68 450 0.0015 

DBN14 0.14 –1.10 450 0.0024 

DBN15 0.08 –1.37 24.96 0.055 

Note: the combined probability of obtaining these results 1124 

by chance for all stations is the product of the five separate  p values, 1125 

namely 1.3 E -11. 1126 

 1127 

Table 2. Result of cross-correlation detector using 2009 UNT signals as templates. 1128 

P arrival time  

2010-05-12 

Station Channel Magnitude 

(±1 s.d.) 

Template 

2009-05-25 Station Magnitude 

00:09:10.761 DB08 HHZ† 1.66 00:55:09.121 DB08  4.53 

00:09:14.285 DB06 HHZ 1.29 00:55:12.095 DB06  4.53 

00:09:16.710 DB17 HH3¶ 1.50(0.17)* 00:55:14.550 DB17  4.53 

00:09:17.405 DB10 HH3 1.51(0.04)§ 00:55:15.105 DB10  4.53 
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 1129 

¶ HH3 = Three components used: vertical, NS and EW; †HHZ = only vertical template was available; * Instrument 1130 

gain was a factor of 4 smaller for the May 2009 explosion than for the event of May 2010;  § Instrument gain was a 1131 

factor of 20 greater for the May 2010 event.  1132 

 1133 

  1134 
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 1135 

Table 3.  Explosions analyzed. 1136 

  1137 

id Date Time Lat Long Mag Explosion type/ 1138 

 (year-mo-dy) (hh:mm:s) (°N) (°E) (ML) Information source 1139 

1 2006-10-09 01:35:28.00 41.287 129.108 3.93 UNE*/Z&W2015§ 1140 

2 2009-05-25 00:54:43.18 41.294 129.082 4.53 UNE/Z&W2015 1141 

3 2013-02-12 02:57:51.33 41.291 129.076 4.89 UNE/Z&W2015 1142 

4 1998-08-12 15:00:08.10 42.865 128.223 1.0 SHCE†/Wu 1143 

5 1998-08-18 14:00:06.69 42.914 129.324 2.0 SHCE/Wu 1144 

6 1998-08-19 15:00:07.79 42.091 128.739 1.9 SHCE/Wu 1145 

7 1998-08-25 15:00:07.46 42.427 126.748 1.0 SHCE/Wu 1146 

8 2010-01-15 06:18:01.44 41.7488 126.9143 2.9 CE‡/ISC 1147 

9 2011-01-05 05:46:05.66 41.7317 126.9674 2.8 CE/ISC, KIGAM 1148 

10 2011-02-18 15:25:58.15 41.7345 126.8917 3.5 CE/ISC 1149 

11 2011-05-19 09:38:21.58 42.2512 129.3803 2.6 CE/ISC 1150 

12 2012-01-21 07:54:45.59 42.2306 129.3680 2.6 CE/ISC 1151 

13 2010-05-12  00:08:45.07 41.286 129.079 1.44 Claimed UNE/Z&W2015 1152 

14 2016-01-06 01:30:01.4 41.305 129.039 5.1 UNE/PDE  1153 

 1154 

 1155 

*UNE = underground nuclear explosion;    § Z&W2015, Zhang and Wen (2015a);   1156 

†SHCE = single hole chemical explosion;     ‡CE = chemical explosion.  1157 
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 1158 

 1159 

Table 4.  Selected earthquakes analyzed.  1160 

id Date Time Lat Long Depth Mag Agency 1161 

 (year-mo-dy) (hh:mm:s) (°N) (°E) (km) (ML)  1162 

   1 1994-01-25 08:51:38.2 42.23 127.12 04 4.0 NK 1163 

   2 2004-12-16 18:59:14.5 41.79 127.94 10 4.0 PDE 1164 

   3 2007-12-31  21:33:38.0 40.41 127.25  0 3.2 KMA 1165 

  4 2009-08-05 12:08:12.6 42.349 127.223 10 3.8 ISC 1166 

  5 2010-05-18 04:08:10.3 42.83 125.96 10 3.7 Z&W2015 1167 

  6 2010-10-09 05:45:14.7 42.352 128.388 10 3.4 ISC 1168 

  7 2010-10-09 06:07:09.2 42.370 128.420  5 3.6 ISC 1169 

  8 2010-11-07 11:11:39.74 40.062 128.199 18 3.5 KIGAM 1170 

  9 2010-11-12 02:10:44.8 43.00 125.89  7 2.8 Z&W2015 1171 

10 2011-06-09  01:10:35.1 42.44 127.19  6 3.3 Z&W2015 1172 

11 2011-12-26 13:34:08.6 42.381 127.246  0 3.6 ISC 1173 

12 2014-08-04 21:16:36.0 40.110 127.200  0 2.5 KMA 1174 

Earthquakes 5, 9, and 10 were used by Zhang and Wen (2015a)   1175 

 1176 

 1177 

 1178 

  1179 



 

Figure 1.  A map showing the location of North Korean nuclear tests (open stars), earthquakes 

(open circles), single-hole explosions and large industrial explosions (inverted triangles), 

seismographic stations (triangles), in the northeastern Korean peninsula and in northeast China.  

Dotted circles concentric with the North Korean test site have radii 100, 200, and 300 km.  

Figure Click here to download Figure Figure_set_rev.docx 
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Figure 2.  Particle-motion display of the horizontal components of the P-wave arriving at station 

NE3C. The time window used for this analysis is shown on the background seismograms.   
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Figure 3.  Lg-wave cross-correlation traces are shown for DBSN stations, for continuous data 

from 2010 using master template windows 50 s long from the 2009 nuclear test.  These plots 

show lags searched forwards and backwards 10 s from the expected arrival of Lg based on the 

2010 hypocenter estimate given by Zhang and Wen (2015a).  The data have been filtered from 

0.5 to 5 Hz.  The correlation traces were averaged for all three components.  Stations are in order 

of increasing distance from bottom to top of the figure.  The labels on the vertical axis have the 

station name, the peak correlation coefficient from the average of three components, and the lag 

time of the peak in seconds.  The peaks of the correlation traces used for the location are shown 

with large dots.  



 

 

Figure 4.  Location estimates for the 2010 seismic event, using different data sets and double-

difference (DD) methods based first on Lg cross correlation, and second on phase pick data for 

P- and S-waves.  The local coordinate system centers the origin on the location of the 2009 

nuclear test. 

 



 

 

 

Figure 5.  Vertical component seismic record section of DBSN stations within about 230 km 

from the location of the 12 May 2010 event reported by Zhang and Wen (2015).  Records show 

P– and Lg–wave arrivals consistent with the reported origin time and location.  Signals at 

stations DB08 and DB17 are the most unambiguous.  Peak signal amplitude (in micrometers/s) is 

given at the end of each trace. 

  



 

Figure 6a. Vertical records at DBSN station DB08 from the UNE of 9 October 2006 (black 

trace), the UNE of 25 May 2009 (blue trace), and from the 12 May 2010 event (red trace). Data 

are passed in the band from 0.8 to 10 Hz, and plotted with equal P–wave amplitude. The time-

scale origin is the event origin provided by Zhang and Wen (2015a). Note that the relative 

amplitude of the Lg–wave arriving between 46 and 50 s is significantly stronger for the latter 

event.  Peak signal amplitude (in micrometers/s) is given at the beginning of each trace. 

  



 

 

Figure 6b. Three-component records at station DB17 from two events: the UNE of 2009 (blue 

traces), and the event of 12 May 2010 (red traces).  This station, installed in 2007, had operated 

earlier as station DB09 at a nearby location, and the three-component records at DB09 are shown 

from the UNE of 2006 (black traces) delayed by about 0.5 s to align with P–waves on DB17 

records. Each trace is plotted to the same scale for its maximum amplitude (which is given, 

below each station code, in micrometers/s). Note that the P to Lg amplitude ratios for these time-

domain ground motions from the 2010 event are lower than those from the known UNEs on all 

three components. 

  



 

 

Figure 7. Three-component records at stations DB08 and NE3C from the UNE of 2006, and from 

the 12 May 2010 event (but the NS-component record is missing on DB08 from this UNE). P– 

and S–wave arrival times are generally consistent on records at NE3C and DB08 from May 2010 

events; the P-wave amplitudes at NE3C are relatively stronger than those on DB08 records.  

Traces are raw records filtered between 0.8 and 10 Hz, and correspond to ground velocity.  Their 

peak amplitude (in micrometers/s) is given below the station code.  

 

  



 

Figure 8. Vertical-component log10(Pg/Lg) spectral amplitude ratios at discrete frequencies 

between 1 and 15 Hz used in discrimination analysis are plotted for 12 earthquakes (circles), and 

for 12 explosions (triangles) comprised of 4 single-hole explosions, 5 large industrial explosions 

and 3 known nuclear tests. The data for the earthquakes and chemical explosions are from MDJ, 

but two underground explosions (2006 and 2009; blue open squares), and 12 May 2010 event 

(red squares) are from Dongbei network data (see Figure 1) — stations DB08 and DB17 are 

used for the analysis.  A mean spectral value for each discrete frequency point is plotted both for 

earthquakes (black circle) and for explosions (black triangle), with a bar representing the scatter 

(±1 S.D.).  Note that the spectral ratio at 12 Hz of Dongbei network data is less reliable due to 

very low SNR of Lg arrival at DB08, and the Lg amplitude at DB17 at 15 Hz is lower than the 

ambient noise.  The P/S ratio at 12 Hz excluding DB08 measurement is plotted with a green 

square for comparison.    



 

Figure 9. The discrimination power of vertical-component P/S spectral ratios—observed at 

MDJ—at discrete frequencies between 1 and 15 Hz is shown here in terms of the Mahalanobis 

distance between the multivariate means of the two populations — earthquakes and explosions.  

The horizontal axis (number of frequencies) represents choices from 1 to 5 discrete frequencies, 

used for LDF analysis to obtain the Mahalanobis distance and associated misclassification 

probability.  The vertical axis is the average frequency for each run.  For example, if choosing 

four parameters, discrete frequencies 6, 7, 8, 9 Hz are taken for LDF analysis (with average 

7.5 Hz), then 7–10 Hz (7, 8, 9 and 10 Hz with average 8.5 Hz)), and 8–11 Hz, and so on.   



 

Figure 10. LDF analysis of the vertical P/S ratio from 12 earthquakes (circles) and 12 explosions 

(shaded triangles) by using four frequencies: 6, 7, 8, and 9 Hz. All the training data—

earthquakes and explosions—are correctly classified; the Mahalanobis distance is ∆2 = 20.6, and 

the total misclassification probability is 1.15%.  Discriminant scores of 12 earthquakes and 12 

explosions of the training data are plotted with their mean log10(Pg/Lg) ratios. Note that the two 

populations are also separated by a mean vertical-component log10(Pg/Lg) ratio of about 0.2.  

Vertical lines denoted as Eq and Ex are the projection of the multivariate means of the 

earthquake and explosion population, respectively. The vertical line D0 is the classification line. 

Using the linear discriminant function obtained for MDJ, the two UNEs (blue squares) for which 

we have signals recorded at DBSN are correctly classified; and the 12 May 2010 event is 

classified as an earthquake (red square).  Event ids are as listed in Tables 3 & 4. 



 

Figure 11. Similar to Figure 8 but now using three-component log10(Pg/Lg) spectral amplitude 

ratios. The spectral ratio data for the earthquakes and chemical explosions are from MDJ, but 

two underground explosions (2006 and 2009; blue squares), and the 12 May 2010 event (red 

square) are from Dongbei network data (stations DB07, DB08, DB09 and DB17).  A mean 

spectral value for each discrete frequency point is plotted both for earthquakes (black circle) and 

for explosions (black triangle), with a colored bar representing the scatter (±1 S.D.).  This use of 

three-component data achieves better separation of the explosion and earthquake populations 

than was found in Figure 8, which was based on vertical component data only. 

  



 

Figure 12. Similar to Figure 9 but now based on three-component data.  The goal of maximizing 

the Mahalanobis distance between the multivariate means of the explosion and earthquake 

populations, appears to be best achieved by working with frequencies between about 6 and 12 

Hz, since this range carries the most discrimination power in P/S ratio space for MDJ.  

  



 

Figure 13. Similar to Figure 10, but now the linear discriminant function analysis is done with 3-

component (Pg/Lg) spectral ratios at four discrete frequencies between 6 and 9 Hz. The 

discriminant scores of 12 earthquakes (circles) and 12 explosions (shaded triangles) of the 

training data are plotted with their mean log10(Pg/Lg) ratios. Note that the two populations are 

also separated by mean 3-component log10(Pg/Lg) ratio ~ 0.1.  [Vertical lines denoted as Eq and 

Ex are the projection of the multivariate means of the earthquake and explosion populations, 

respectively, now separated by a greater Mahalanobis distance, ∆2 = 25.6, than was the case with 

vertical component data only. D0 is the vertical classification line.]  The total misclassification 

probability is 0.57%. Using the linear discriminant function obtained for MDJ, two UNTs (blue 

squares) recorded at DBSN are correctly classified, and the 12 May 2010 event is classified as 

an earthquake (red square).  



 

Figure 14. (a) The mean log10P/S values between 6 and 9 Hz measured from three-component 

records are plotted against epicentral distance. P/S ratios are not corrected for distance. 

Earthquakes (circles) and different types of explosions; chemical explosions (inverted triangles), 

single-hole shots (triangles), UNEs (black star), UNEs recorded at DBSN (blue stars at stations 

DB07, DB09, DB10 and DB17); and the claimed event on 12 May 2010 (red squares at DB08 

and DB17). P/S ratios of the earthquakes and explosions show separation along log10(Pg/Lg) = ~ 

0.1. (b) The P/S ratios from three-component records are plotted against event magnitude. There 

is no clear correlation of P/S ratios with magnitude, within the different types of seismic event, 

and we have chosen not to make any magnitude correction to the measured ratios prior to 

applying our methods of event classification. 



 

Figure 15. Same as Figure 10 (vertical-component LDF analysis), except that we have added 

points derived from data recorded by station SMT (shown in Fig. 1) used by Zhang and Wen 

(2015a, data given in their Figure 5), and from the NECESS Array station NE3C. The six points 

based on SMT data are shown in yellow, and they correctly place the nuclear explosions of 2009 

and 2013 in the explosion population (yellow triangles), and the three earthquakes in the training 

set from Table 4 recorded by SMT are in the earthquake population (yellow circles).  But the 

event of 2010 is now with the earthquakes (yellow square).  The point based on data from station 

NE3C (green square) is for the 2010 event, and it is also with the earthquakes (for this station we 

do not have explosion data).  Finally, a point for the nuclear explosion of January 6, 2016, 

derived from MDJ data has been added.  It lies on the mean for explosions (shaded triangle with 

event id 14). 



The electronic supplement for the paper consists of the following items: 

• our measurements of the log10 P/S spectral ratios obtained from waveforms recorded at 

station MDJ for the two training sets (Table_S1.csv); 

• a section describing further details of our three-component linear discrimination function 

analysis, in particular the effectiveness of different choices of the frequency components 

used to apply P/S spectral ratios; and 

• a tutorial section on the underlying ideas behind Mahalanobis methods for event 

classification, with particular reference to Figures 10, 13, and 15 in the main text. 
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Table S1.  Measurements of the log10 P/S spectral ratios obtained from waveforms recorded at 

station MDJ for the two training sets. 

 

Table S2. Three-Component Discrimination Analysis using four frequencies 

 

List of Figure captions 

 

Figure S1:  The log(P/S) values measured at 8 hz from vertical component waveforms at station 

MDJ for two training sets, are shown as circles (earthquakes) and triangles (explosions), together 

with the normal (Gaussian) probability density functions inferred from these two data sets.  Note 

two length scales; the Gaussian widths, and the distance between the means (explosions, 

earthquakes). 

 

Figure S2: Probability distributions for the linear discrimination function that best-separates the 

earthquake and explosion populations, using MDJ data.  Shown here, in (a), are the underlying 

Gaussians for vertical components recorded for our two training sets (earthquakes, explosions) as 

developed in Figure 10 of the main paper; and in (b) the underlying Gaussians for three-

component data as developed in Figure 13.  The standard deviation, ∆, is slightly larger in (b); 

but the distance between the means, which equals ∆2, is significantly greater in (b) than in (a), 

providing better classification capability. 
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