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Measurement of Rayleigh-wave magnitudes for North Korean nuclear tests
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Abstract We collect regional seismic data recorded at broadband seismic stations from 77
earthquakes, 3 chemical explosions and 2 nuclear explosions between 1995 and 2009 in Northeast
China and its vicinity. These data are used to calibrate the regional seismic network for measuring
the Rayleigh-wave magnitude. Based on vertical-component Rayleigh wave records between 8 and
25 s, we obtain the maximum-amplitude surface-wave magnitudes. Using records from 82 events,
we calculate the site corrections at different period for all stations. After removing the site
response, we obtain the Rayleigh-wave magnitude for individual station-event pair. Finally the
network average magnitude is obtained for each event. The Rayleigh-wave magnitudes are 2. 934
0.19 and 3. 62 £ 0. 21 for 2006 and 2009 North Korean nuclear explosions. The comparison
between the Rayleigh-wave magnitude M, and the body wave magnitude m, (LLg) suggests that
M,-m, method is invalid in discriminating the nuclear explosions from earthquake populations in
Northeast China/North Korea region and within the regional distances. The two North Korean

nuclear explosions excited strong Rayleigh waves, leading to the poor performance of M,-m,
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discrimination. The possible reasons include near-source heterogeneities, asymmetric source or
=]

existing tensile tectonic release. Given the depth of burial between 0. 01 and 1. 0 km and using the

obtained Rayleigh-wave magnitudes, the yields of the 2006 and 2009 North Korean nuclear tests
are estimated to be 0.42~3.17 kt and 2. 06~15. 53 kt, respectively.
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Fig. 1 Map showing the locations of events and stations in
Northeast China and its neighboring areas including 77
earthquakes (crosses), 3 chemical explosions (open stars) ,

2 North Korean nuclear explosions (solid stars) and the

CNDSN (solid circles) and GSN (triangles) stations
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Table 1 The station parameters used in this study

B ZECN)  ZECE ERm  SREZRGTD =L

MDJ]  129.59 44.62 200 20/40/100 GSN*
BJT  116.17 40. 02 137 20 GSN
HIA  119.74 49. 27 610 20 GSN
INCN  126.63 37.48 419 40/20 GSN
XLT 116.07 43. 89 1020 50 CNDSN¥
SNY 123.58 41. 83 54 50/100 CNDSN
CN2  125.45 43. 80 223 50/100 CNDSN
BNX  127.41 45.74 198 50/100 CNDSN
HEH 127.41 50. 25 168 50/100 CNDSN
DL2  121.63 38.91 62 50/100 CNDSN
TIA  117.12 36. 21 300 50 CNDSN

T BRI A W (Global Seismic Network) . ¥+ [2] [5 58 %+

7% & M (China National Digital Seismic Network).
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Table 2 The event parameters used in this study
RS W4 A Rayleigh PR, M.
H i 8] CUTC) HECND ZECE) B (km) M T s 2 B

1SC 1995-10-05 22:26:55.39 39.73 118.53 8.6 3.98 0.01 3
1SC 1998-04-14 02:47:49.01 39. 60 118. 58 23.0 3.99 0.14 4
1SC 1998-07-24 23:12:16.10 48. 89 131. 48 14.3 3.56 0.38 4
1SC 1998-07-24 23:19:39.92 48.90 131. 24 11.8 3.52 0.19 4
GECCEA~ 1998-08-12 15:00:08. 18 42.87 128.22 0. 007 2.28 0. 00 1
GECCEA 1998-08-18 14 :00:06. 69 42.91 129. 32 0.011 2.29 0.56 4
GECCEA 1998-08-19 15:00:07.79 42.09 128. 74 0.029 2.34 0.28 4
ISC 1998-09-26 14:16:43.93 42.30 123.67 10.0 2.50 0.07 3
1SC 1998-11-11 17227 :55. 36 48.19 133.15 9.0 3.18 0.08 4
1SC 1999-04-01 01:59:47.39 39. 65 125.16 10. 4 2.32 0. 05 4
ISC 1999-08-13 18 :36:22. 38 48. 47 128. 54 8.0 3.67 0.07 4
1SC 1999-08-14 00:04:37.69 48. 11 128. 24 44.5 2.67 0.13 4
BJIT 1999-09-03 11:23:32.70 48. 96 130. 41 29.0 2.86 0.32 3
1SC 1999-12-27 11:27:19.01 40. 54 123.07 21.0 2.82 0.15 3
1SC 2000-01-11 23:43:56.00 40. 55 123.10 5.0 4.35 0.16 3
1SC 2000-01-12 05:00:37.10 40. 68 122. 85 36.3 3.15 0.16 4
1SC 2000-05-14 15:48:50. 23 48.98 129.92 5.5 3.19 0.18 4
1SC 2000-05-23 23:44:36.59 40. 65 122. 86 30. 6 2.93 0. 06 4
BI1 2000-11-08 13:06:37.10 45.59 118. 14 31.0 2.67 0.31 10
BJI 2000-11-14 08:41:52.50 39.15 125. 37 15.0 2.69 0.23 9
BT 2000-12-13 09 :59:26.40 40. 85 125.53 27.0 2.65 0.31 8
1SC 2001-04-20 04 :35:37.00 48. 29 117.12 10.0 2.61 0.08 3
SKHL} 2001-09-03 03:09:34.00 48. 26 133.15 13.0 2.53 0.04 2
NEIC 2001-09-19 08:07:26.07 38. 04 119.53 33.0 3.68 0.23 9
ISC 2002-04-16 22:52:38.19 40. 66 128. 65 10.0 3.07 0.19 10
I1SC 2002-04-30 03:22:43.56 40. 69 122. 96 15.0 2.85 0. 33 9
BT 2002-05-05 10:02:23.10 40. 06 127. 24 15.0 3.13 0. 00 1
BJI 2002-06-13 07:36:03.70 49. 26 122.94 20.0 2.59 0. 34 11
1SC 2002-06-16 21:58:40.16 40. 60 123.01 38.7 2.83 0.41 9
1SC 2002-08-29 18:32:12. 66 49. 45 123.07 16. 6 3.01 0.23 8
1SC 2002-10-20 15:46:19. 95 44. 60 117. 47 33.0 4.08 0.23 8
ISC 2002-10-20 15:52:10. 54 44.91 117. 14 10.0 3.39 0.07 8
1SC 2002-10-21 00:10:21.67 44.61 117. 80 10.0 2.82 0. 20 8
BJI 2003-03-30 11:00 :44. 40 42.05 123.63 28.0 2.66 0.29 10
1SC 2003-03-30 11:10:55. 46 37.62 123. 86 10.0 3.82 0.16 11
NEIC 2003-04-23 13:46:08. 32 39. 89 117. 33 33.0 2.95 0.18 7
NEIC 2003-04-23 18:39:19. 17 39.53 117. 71 47.5 3. 40 0.12 8
BJI 2003-05-03 12:35:24.70 42. 10 124. 04 21.0 2.27 0.11 5
BJI 2003-05-07 11:34:16.50 37.87 121. 45 10.0 2. 46 0.14 8
1SC 2003-05-22 08:48:46. 88 39.45 118. 06 10.0 2.70 0.21 6
ISC 2003-06-01 02:49:17.28 49. 80 130. 79 7.0 2.92 0.15 9
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gZxR2
RIS D4t AY Rayleigh PR, M.
H B ] CUTC) 45 N ZHECE) R (km) M P e 22 B

BJT 2003-06-05 10:35:55. 40 36. 30 120. 58 28.0 3.09 0.13 10
ISC 2003-06-05 23:18:42.55 36. 48 119. 94 33.0 2.74 0.28 9
BJI 2003-06-12 09 :33:59.40 36. 36 120. 37 15.0 3.92 0.21 4
SKHL 2003-06-14 14:10:09. 70 49.11 131. 83 7.0 2.66 0. 26 8
ISC 2003-06-18 14 :24 :31.50 47.53 116. 99 16.2 3.36 0. 25 10
1SC 2003-06-21 12:13:09. 36 39. 69 118. 37 16.0 2.78 0. 25 10
1SC 2003-08-16 10:58:40. 76 43.81 119. 66 8.8 5.00 0. 20 10
BT 2003-08-16 11:59:51. 30 43.77 119. 67 16.0 2.99 0.23 11
BJT 2003-08-17 05:24:23.70 44. 04 119. 80 20.0 2.45 0.39 11
BJI 2003-08-17 16 :33:22.50 37.93 120. 61 17.0 2.60 0.13 9
BJI 2003-09-09 05:09 :29. 60 44. 06 119. 35 19.0 2.53 0.12 10
1SC 2003-10-07 15:27:27.80 45. 24 133. 60 49. 4 3.55 0.13 10
1SC 2003-10-09 15:53:29.88 41. 44 125.98 8.0 2.40 0. 20 10
BJI 2003-10-10 13:34:27.80 41.43 125. 65 15.0 2.75 0.28 9
ISC 2003-10-17 01:38:30.75 43.53 119. 82 10.0 3.10 0.16 11
ISC 2003-11-14 21:43:18.57 39.89 118.70 10.0 3.08 0.23 11
1SC 2004-01-20 08:34:12.05 39. 86 118. 98 23.4 3.81 0.43 10
ISC 2004-03-24 01:53:47.50 45.35 118. 21 18.0 5.28 0.17 9
NEIC 2004-05-29 10:14 :28. 44 36. 63 129. 93 29.2 4.72 0.18 11
NEIC 2004-09-16 17 :14 :37. 47 45. 14 131. 73 10.0 2.83 0.17 10
NEIC 2004-12-16 18 :59 :14. 60 41. 80 127.98 10.0 3.08 0. 36 10
NEIC 2005-05-09 11:02:24.21 37.69 121. 97 10.0 2.98 0.14 7
NEIC 2005-07-06 23:10:16.68 48. 30 131. 47 10.0 3.25 0.29 9
NEIC 2005-07-25 15:43:36. 30 46. 89 125.00 10.0 4.43 0.16 9
CENC § 2005-07-25 15:57 :14. 80 47. 14 125.03 25.0 2.83 0.31 7
NEIC 2005-09-19 03:27:53.20 49. 88 121. 00 10.0 3.85 0.13 6
NEIC 2006-03-31 12:23:17.86 44.62 124.12 10.0 4.24 0. 34 9
BJ1 2006-05-03 00:26:37.50 48.78 121.05 35.4 3.04 0.29 7
NEIC 2006-05-03 13:53:40.61 39.99 118.15 10.0 3.05 0. 06 5
BJI 2006-05-03 14:02:25.93 39. 69 118. 47 10.0 3.16 0.14 8
NEIC 2006-07-04 03:56:26. 94 39.07 116. 15 10.0 4.39 0.12 7
NEIC( 2006-10-09 01:35:28.00 41. 29 129.11 0.0 2.93 0.19 8
NEIC 2006-11-03 06:21:39.28 43.47 119. 56 10.0 3.56 0.18 8
NEIC 2007-01-20 11:56:53. 66 37.59 128. 48 10.0 3.83 0. 20 3
CENC 2007-11-17 10:08:13. 30 39. 60 119. 20 10.0 2.66 0. 20 6
NEIC 2008-03-10 20:24:14. 60 39. 90 118.90 10.0 3.17 0. 20 7
NEIC 2008-06-10 06 :04:57. 20 49. 20 122. 36 10.0 4.11 0. 20 10
NEIC 2008-11-13 22:53:26.10 40.72 122.92 13.0 3.34 0.19 11
NEIC 2009-01-01 05346 :26.09 40.62 123.02 10.0 3.07 0.29 9
CENC 2009-01-22 20:27:04.70 42.54 120. 57 2.0 3.46 0. 36 6
NEIC( 2009-05-25 00:54:43.00 41. 29 129. 08 0.0 3.62 0.21 9

V. ox o [ Hb R R M ER ) 3 45 o0 (The Geophysical Exploration Center of China Earthquake Administration ), T 4k 5% X 1 & ® ( Beijing
regional network) , I BEM #k 5 X 48{ & M (Sakhalin regional network) , § # [ #15% 4 W #.0> (China Earthquake Network Center) , ¢ F {4 {if B %
Bk B Wen F1 Long(2010) (231,
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Rayleigh waveforms for two North Korean nuclear explosions recorded at MD] station. The

period range for the filtered waveforms is between 8 and 25 s. Listed in the right columns are maximum amplitudes and the

calculated Rayleigh-wave magnitudes.
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circles) ., chemical explosions (open stars) and nuclear
explosions (solid stars) in Northeast China and its
surrounding areas. The Rayleigh-wave magnitudes M,
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