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Abstract The seismograms from natural earthquakes and explosions are significantly different. Explosions
tend to generate strong compressional waves and weak shear waves. In contrast, natural earthquakes are

primarily driven by dislocation sources, resulting in strong shear waves and relatively weak compressional
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waves. The differences in energy radiations between P- and S-waves can be used to identify explosions and
natural earthquakes. On October 9, 2006, North Korea conducted the first underground nuclear test. When using
the spectral ratio Pg/Lg from the vertical component seismic record at the Mudanjiang (MDJ) station to identify
source types, it can discriminate between explosion source attributes at frequencies between 9 and 15 Hz. Due to
the random effects in the data, using single-station records for discrimination may result in a narrow frequency
band and a higher misdetection rate, especially at lower frequencies and for noisy data. Recent investigations
have demonstrated that stacking spectral ratios from multiple stations in a regional network can reduce data
fluctuations at individual stations, expand the useful frequency band, and successfully identify D.P.R. Korea
nuclear explosions within earthquake populations within frequencies of 2 ~ 15 Hz. The above situation inspired
us to consider stacking P/S type spectral ratios, such as Pg/Lg, Pn/Lg, and Pn/Sn, observed at a single station, for
effectively identifying earthquakes and explosions. We designed a method for stacking different types of spectral
ratios at a single station. The new method achieved good identification results and demonstrated that the D.P.R.
Korea underground nuclear tests can be discriminated from earthquake populations within frequencies of 2 ~ 15
Hz. The new method is suitable for situations where only a single station is available in remote areas. Also, we

calculated and stacked the spectral ratio Pg/Sn.
Keywords P/S-type spectral ratio; Multi-phases stacked spectral ratio at a single station; Discrimination between

earthquakes and explosions; D.P.R. Korea nuclear explosion
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Fig. 1 Map showing locations of the D.P.R. Korea test site and adjacent events

The pentagrams mark six D.P.R. Korea nuclear tests (NKT1-NKT6), and the red and blue solid circles represent natural earthquakes and subsequent collapses

following the explosions. The inset map displays locations of the D.P.R. Korea test site, the MDJ station, and epicenters of two nearby natural earthquakes.

*1 PASEAERMEEGFNEMMERNZ

Table 1 Location and timing of seismic events near the D.P.R. Korea nuclear test site

%iﬁﬁgﬁ% H3 (hh:yr)?&fzijfgss)b (ilg;{b (ié;ir)g" R (am) * e
NKTI1* 2006-10-09 01:35:28.0000 41.29 129.11 0.330 43
NKT2 2009-05-25 00:54:43.1409 41.30 129.08 0.540 4.7
NKT3 2013-02-12 02:57:51.2632 41.29 129.07 0.506 5.1
NKT4 2016-01-06 01:30:00.8655 41.30 129.07 0.468 5.1
NKTS 2016-09-09 00:30:01.3816 41.30 129.08 0.521 53
NKT6 2017-09-03 03:30:01.6188 41.30 129.07 0.570 6.3
CoEl 2017-09-03 03:38:32.7963 41.30 129.07 0° 5.3¢
CoE2 2017-09-23 08:29:16.9110 41.32 129.17 5¢ 3.6°
CoE3 2017-10-12 16:41:08.2134 41.33 129.17 5¢ 2.9°
EQI* 2002-04-16 22:52:38.1900 40.71 128.67 10 4.6
EQ2° 2004-12-16 18:59:14.6000 41.80 127.98 10 4.0
EQ3° 2020-01-29 00:33:44.8800 41.30 129.07 10 2.6

7E:*NKT1-6: 31883 F 435565 CoE1-3: 3138 F4F; EQI-3: R &AM E; "k B Yang et al., 2021; He et al., 2018; © 5k B U.S. Geological Survey, B Fri&E &
ISCH#) F 4 A& S

TE—E R LB TR R Sk R Ab R, R AR O W R R, R R[S V2,

M), 28 TR AR G PR S PR AR 1Y 25 55, S V2firl, Hor o 2 5 00K, BUE 2K R 0.5 Hz

RIS TIRIE. B T BT A S 2% PR 1§ (Bowman and Kennett, 1991; Hartse et al., 1997; Richards
LA R B BE ALV, 7R B e gk 47 7o and Kim, 2007; Yang, 2002).
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Fig. 2 Normalized vertical-component velocity seismograms recorded by MD]J for six known nuclear explosions,
three aftershocks or collapses, and three nearby natural earthquakes

The event dates, maximum amplitudes, and epicenter distances are listed on the left. The vertical bars on the waveforms indicate apparent group velocities.
Seismograms of the nuclear explosions are characterized by impulsive P-wave onsets, relatively weak Lg phases, and 3- to 5-second short-period Rayleigh

waves. The waveform from CoE1 lacks high-frequency content. Considering it happens

FEAG W BRI BL R, THAE LLE T REAZ ] 38 (Koper et al., 2008). 78 i A [ WF 52 o & £890F B i%
M ) TG, O IR HE R RS i AR AR RRAE. B, B IR BERE A SOR B 2006 F 2017 4R ST ) HL T
JEN R R A5 M L 22 G FE2E (1] 3b Ml 3¢). M 5 B, DL & b 5] & 0 U8 F 1 (Walter et al.,
FAR T 20 52 BB A, B 50 3 5 A8 B0 A3 (. L 2018). B P/S PR IR TS LA )7 2 6 M2 )5 g B
Pn/Sn K ], A 445 M b R T (R 1.0 I CHEXT B i &0 X 43 2% 48 5 Hi 78 (Kim et al., 2018), 7 15 34k
g0, B E R K R 2R, IR IR U E A A R0 R X SRR R IR BT T, OB 5 S A T R
(Hartse et al., 1997; Zhao et al., 2008). i i IXFEAYIRTE  HI54R B B2 R . ik, RATRE T 6 Z5=AH
AT B WA 3d PR B9 T XAy RAR AR SR IE 3%t (A & 5 3k . i e X & BodE 3T 5 Po/Sn,

IR R TE A (. Pn/Lg. Pg/Lg Fll Pg/Sn %5 P/S 25 M (¥R R 15 LU, 4%
i 38 3ok Aot 2 i LA B 2 4 2 8 5 = L )
3 s AR A AT SR ) AL FRIT 4 07 81 666 M R A% 3 06 K 4R b

i BRI Bk 6 UE 12 7 1 o R KR PRI B9 A 2
BRIE A P EROR A SRR R, X —RRE MR (1 4). T, BRI IR RE B RECE P, £F S
A% P/S IR FUAEL AN X Jr MR S A AR RO B 20 4 vh 7 B ORI BT, DRI o 4 15 5 A9 £ e
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Fig. 3 Vertical component P/S spectral ratios calculated from seismograms recorded by the MDJ for a natural earthquake
that occurred on April 16, 2002

(a) Pn/Sn; (b) Pn signal-to-noise ratio; (c) Sn signal-to-noise ratio; (d) Pn/Sn amplitude spectral ratios screened by the signal-to-noise ratio threshold. The

vertical axis represents the logarithmic ratio of spectral amplitudes, the horizontal axis represents frequency, the gray lines are directly calculated values, and

the curves linking solid circles are their smoothed values.
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Fig. 4 P/S spectral ratios calculated from vertical component seismograms recorded by MDJ for a natural earthquake
occurred on April 16, 2002 (black lines) and a nuclear explosion on May 25, 2009 (red lines)

(a) Pn/Sn, (b) Pn/Lg, (c) Pg/Sn and (d) Pg/Lg. The vertical axis represents the logarithmic amplitude spectral ratio, and the horizontal axis represents frequency.

The thin lines are directly calculated ratios, and the thick curves linking solid circles are their smoothed values.
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Fig. 5 Vertical component signal-to-noise ratios

(a) Pn/Noise, (b) Pg/Noise, (c) Sn/Noise, (d) Lg/Noise. MDJ records data for a natural earthquake on April 16, 2002 (black lines) and a D.P.R. Korea nuclear
explosion on May 25, 2009 (red lines). The vertical axis represents the logarithmic spectral ratio, the horizontal axis represents frequency,

the thin lines are directly calculated ratios, and the thick curves linking solid circles are smoothed values.
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(a) Pn/Sn, (b) Pn/Lg, (c) Pg/Sn, and (d) Pg/Lg, the event types are explosions (black),
earthquakes (blue), and collapses (red).
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Fig. 8 Amplitude spectral ratios by using different stackings

(a) stacked Pn/Lg and Pg/Lg, (b) stacked Pn/Sn, Pn/Lg, and Pg/Lg, (c) stacked Pn/Sn, Pn/Lg, Pg/Sn, and Pg/Lg. (d) The above stacked ratios are further

averaged based on three event types. The vertical axis is the logarithmic amplitude ratio and the horizontal axis is the frequency. Black symbols are for

explosions, blue for natural earthquakes, and red for aftershocks from explosions.
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Fig. 9 The discrimination capabilities versus various types of amplitude ratios

Blue is the area between the nuclear explosion and natural earthquake curves. Red is for explosion and collapse.

Yellow is for nuclear explosion and earthquake.

[ A 75 LI 5 £ 22 v, Ay e 5 R O S 1 7 )
IO 4 (It B B S 0 T SO £ A R X, R AR
BB LA IS MBS -, RIREZ 62
AT L AR B 0 ) 7 T PR 0 O vk, E 2 2B R TT
k2 6% B 2R WES N7k, R
ML 2kt

B R WOR N R E G WUE, F L ER
JEg.
References

Anderson D N, Taylor S R. 2002. Application of regularized discrimination
analysis to regional seismic event identification. Bulletin of the
Seismological Society of America, 92(6): 2391-2399, doi: 10.1785/
0120010218.

Bowman J R, Kennett B L N. 1991. Propagation of L, waves in the North
Australian Craton: Influence of crustal velocity gradients. Bulletin of
the Seismological Society of America, 81(2): 592-610, doi: 10.1785/
bssa0810020592.

Chang L J, Ding Z F, Sun W G. 2012. Seismological observation at the Great
Wall Station during the 27th Chinese Antarctic expedition in the
summer. Chinese Journal of Polar Research (in Chinese), 24(1): 95-
100, doi: 10.3724/SP.J.1084.2012.00095.

Ding S B, Wang H C, Zhu H F, et al. 2024. Discrimination of seismic events
in the North Korean Test Site and surrounding area using MDAC
spectral ratio. Bulletin of the Seismological Society of America, 114(2):
1140-1150, doi: 10.1785/0120230027.

Giardini D, Lognonné P, Banerdt W B, et al. 2020. The seismicity of Mars.

Nature Geoscience, 13(3): 205-212, doi: 10.1038/s41561-020-0539-8.

Hartse H E, Taylor S R, Phillips W S, et al. 1997. A preliminary study of
regional seismic discrimination in central Asia with emphasis on
western China. Bulletin of the Seismological Society of America, 87(3):
551-568, doi: 10.1785/bssa0870030551.

He X, Zhao L F, Xie X B, et al. 2018. High-precision relocation and event
discrimination for the 3 September 2017 underground nuclear
explosion and subsequent seismic events at the North Korean test site.
Seismological Research Letters, 89(6): 2042-2048, doi: 10.1785/
0220180164.

Kim W Y, Simpson D W, Richards P G. 1993. Discrimination of

earthquakes and explosions in the eastern United States using regional

high-frequency data. Geophysical Research Letters, 20(14): 1507-1510,

doi: 10.1029/93g101267.

Kim W Y, Richards P G. 2007. North Korean nuclear test: Seismic

discrimination low yield. Eos, Transactions American Geophysical

Union, 88(14): 158-161, doi: 10.1029/2007E0140002.

Kim W Y, Richards P G, Schaff D, et al. 2018. Identification of seismic
events on and near the North Korean test site after the underground
nuclear test explosion of 3 September 2017. Seismological Research
Letters, 89(6): 2120-2130, doi: 10.1785/0220180133.

Koper K D, Herrmann R B, Benz H M. 2008. Overview of open seismic data
from the North Korean event of 9 October 2006. Seismological
Research Letters, 79(2): 178-185, doi: 10.1785/gssrl.79.2.178.

Lin X, Wang X T, Zhao L F, et al. 2019. A review of seismological research on
nuclear test monitoring. Chinese Journal of Geophysics (in Chinese),
62(11): 4047-4066, doi: 10.6038/cjg2019M0556.

Magotra N, Ahmed N, Chael E. 1989. Single-station seismic event detection
and location. IEEE Transactions on Geoscience and Remote Sensing,

27(1): 15-23, doi: 10.1109/36.20270.


https://doi.org/10.1785/0120010218
https://doi.org/10.1785/0120010218
https://doi.org/10.1785/0120010218
https://doi.org/10.1785/0120010218
https://doi.org/10.1785/bssa0810020592
https://doi.org/10.1785/bssa0810020592
https://doi.org/10.1785/bssa0810020592
https://doi.org/10.1785/bssa0810020592
https://doi.org/10.3724/SP.J.1084.2012.00095
https://doi.org/10.3724/SP.J.1084.2012.00095
https://doi.org/10.3724/SP.J.1084.2012.00095
https://doi.org/10.3724/SP.J.1084.2012.00095
https://doi.org/10.1785/0120230027
https://doi.org/10.1785/0120230027
https://doi.org/10.1038/s41561-020-0539-8
https://doi.org/10.1038/s41561-020-0539-8
https://doi.org/10.1038/s41561-020-0539-8
https://doi.org/10.1038/s41561-020-0539-8
https://doi.org/10.1038/s41561-020-0539-8
https://doi.org/10.1038/s41561-020-0539-8
https://doi.org/10.1038/s41561-020-0539-8
https://doi.org/10.1038/s41561-020-0539-8
https://doi.org/10.1785/bssa0870030551
https://doi.org/10.1785/bssa0870030551
https://doi.org/10.1785/0220180164
https://doi.org/10.1785/0220180164
https://doi.org/10.1785/0220180164
https://doi.org/10.1029/93gl01267
https://doi.org/10.1029/93gl01267
https://doi.org/10.1029/2007EO140002
https://doi.org/10.1029/2007EO140002
https://doi.org/10.1029/2007EO140002
https://doi.org/10.1785/0220180133
https://doi.org/10.1785/0220180133
https://doi.org/10.1785/0220180133
https://doi.org/10.1785/gssrl.79.2.178
https://doi.org/10.1785/gssrl.79.2.178
https://doi.org/10.1785/gssrl.79.2.178
https://doi.org/10.6038/cjg2019M0556
https://doi.org/10.6038/cjg2019M0556
https://doi.org/10.6038/cjg2019M0556
https://doi.org/10.6038/cjg2019M0556
https://doi.org/10.1109/36.20270
https://doi.org/10.1109/36.20270

3 44 VA5 45 : P/S YRR 3 LU (ELEA 3 22 RR AR B ik M 2R 5 AR A 7 DAL 531

1089

Maguire R, Leki¢ V, Kim D, et al. 2023. Focal mechanism determination of
event S1222a and implications for tectonics near the dichotomy boundary
in southern Elysium Planitia, Mars. Journal of Geophysical Research:
Planets, 128(9): €2023JE007793, doi: 10.1029/2023JE007793.

Murphy J R, Bennett T J. 1982. A discrimination analysis of short-period
regional seismic data recorded at Tonto Forest Observatory. Bulletin of
the Seismological Society of America, 72(4): 1351-1366, doi: 10.1785/
bssa0720041351.

Richards P G, Kim W Y. 2007. Seismic signature. Nature Physics, 3(1): 4-6,
doi: 10.1038/nphys495.

Ruud B O, Husebye E S, Ingate S F, et al. 1988. Event location at any
distance using seismic data from a single, three-component station.
Bulletin of the Seismological Society of America, 78(1): 308-325, doi:
10.1785/bssa0780010308.

Sandvin O, Tjestheim D. 1978. Multivariate autoregressive representation of
seismic P-wave signals with application to short-period discrimination.
Bulletin of the Seismological Society of America, 68(3): 735-756, doi:
10.1785/bssa0680030735.

Shearer P M. 2009. Introduction to Seismology. 2nd ed. Cambridge:
Cambridge University Press, doi: 10.1017/CB0O9780511841552.

Sun W J, Tkaléi¢ H, Tang Q Y. 2024. Single-station back-azimuth
determination with the receiver function rotation technique validated by
the locations of earthquakes, impacts, and explosions. Seismological
Research Letters, 95(5): 2925-2938, doi: 10.1785/0220240117.

Taylor S R, Denny M D, Vergino E S, et al. 1989. Regional discrimination
between NTS explosions and western U. S. earthquakes. Bulletin of the
Seismological Society of America, 79(4): 1142-1176, doi: 10.1785/
bssa0790041142.

Taylor S R, Velasco A A, Hartse H E, et al. 2002. Amplitude corrections for
regional seismic discriminants. Pure and Applied Geophysics, 159(4):
623-650, doi: 10.1007/s00024-002-8652-8.

Tian D D, Yao J Y, Wen L X. 2018. Collapse and earthquake swarm after
North Korea's 3 September 2017 nuclear test. Geophysical Research
Letters, 45(9): 3976-3983, doi: 10.1029/2018GL077649.

Tibi R. 2021. Discrimination of seismic events (2006-2020) in North Korea
using P/L, amplitude ratios from regional stations and a bivariate
discriminant function. Seismological Research Letters, 92(4): 2399-
2409, doi: 10.1785/0220200432.

Walter W R, Dodge D A, Ichinose G, et al. 2018. Body-wave methods of
distinguishing between explosions, collapses, and earthquakes: Application
to recent events in North Korea. Seismological Research Letters, 89(6):

2131-2138, doi: 10.1785/0220180128.

Willis D E. 1963. Comparison of seismic waves generated by different types
of source. Bulletin of the Seismological Society of America, 53(5): 965-
978, doi: 10.1785/bssa0530050965.

Willis D E, DeNoyer J, Wilson J T. 1963. Differentiation of earthquakes and
underground nuclear explosions on the basis of amplitude characteristics.
Bulletin of the Seismological Society of America, 53(5): 979-987, doi: 10.
1785/bssa0530050979.

Xie X B, Zhao L F. 2018. The seismic characterization of North Korea
underground nuclear tests. Chinese Journal of Geophysics (in Chinese),
61(3): 889-904, doi: 10.6038/cjg2018L0677.

Yang G, Zhao L F, Xie X B, et al. 2021. High-precision relocation with the
burial depths of the North Korean underground nuclear explosions by
combining Pn and Pg differential traveltimes. Journal of Geophysical
Research: Solid Earth, 126(6): ¢2020JB020745, doi: 10.1029/2020
JB020745.

Yang X. 2002. A numerical investigation of Lg geometrical spreading.
Bulletin of the Seismological Society of America, 92(8): 3067-3079,
doi: 10.1785/0120020046.

Zhao L F, Xie X B, Wang W M, et al. 2008. Regional seismic characteristics
of the 9 October 2006 North Korean nuclear test. Bulletin of the
Seismological Society of America, 98(6): 2571-2589, doi: 10.1785/
0120080128.

Zhao L F, Xie X B, Wang W M, et al. 2012. Yield estimation of the 25 May
2009 North Korean nuclear explosion. Bulletin of the Seismological
Society of America, 102(2): 467-478, doi: 10.1785/0120110163.

Zhao L F, Xie X B, Wang W M, et al. 2014. The 12 February 2013 North
Korean underground nuclear test. Seismological Research Letters,
85(1): 130-134, doi: 10.1785/0220130103.

Zhao L F, Xie X B, Wang W M, et al. 2016. Seismological investigation of
the 2016 January 6 North Korean underground nuclear test.
Geophysical Journal International, 206(3): 1487-1491, doi: 10.1093/
gji/ggw239.

Ht o 325 35 SOk

W, TR, PVAEL 2012, 55 27 IR A= 25 48 B B TR dafanty
WL . B HBAIFST, 24(1): 95-100, doi: 10.3724/SP.J.1084.2012.00095

Mg, T, SRR 2019. ARG VI A FR AT L3R bR B
224, 62(11): 4047-4066, doi: 10.6038/cjg2019M0556

/N, X 2018, WA b A F) TR A LI . b R FIL A
61(3): 889-904, doi: 10.6038/cjg2018L0677.

(R EHTD


https://doi.org/10.1029/2023JE007793
https://doi.org/10.1029/2023JE007793
https://doi.org/10.1029/2023JE007793
https://doi.org/10.1785/bssa0720041351
https://doi.org/10.1785/bssa0720041351
https://doi.org/10.1785/bssa0720041351
https://doi.org/10.1785/bssa0720041351
https://doi.org/10.1038/nphys495
https://doi.org/10.1038/nphys495
https://doi.org/10.1785/bssa0780010308
https://doi.org/10.1785/bssa0780010308
https://doi.org/10.1785/bssa0680030735
https://doi.org/10.1785/bssa0680030735
https://doi.org/10.1017/CBO9780511841552
https://doi.org/10.1785/0220240117
https://doi.org/10.1785/0220240117
https://doi.org/10.1785/0220240117
https://doi.org/10.1785/bssa0790041142
https://doi.org/10.1785/bssa0790041142
https://doi.org/10.1785/bssa0790041142
https://doi.org/10.1785/bssa0790041142
https://doi.org/10.1007/s00024-002-8652-8
https://doi.org/10.1007/s00024-002-8652-8
https://doi.org/10.1007/s00024-002-8652-8
https://doi.org/10.1007/s00024-002-8652-8
https://doi.org/10.1007/s00024-002-8652-8
https://doi.org/10.1007/s00024-002-8652-8
https://doi.org/10.1007/s00024-002-8652-8
https://doi.org/10.1007/s00024-002-8652-8
https://doi.org/10.1029/2018GL077649
https://doi.org/10.1029/2018GL077649
https://doi.org/10.1029/2018GL077649
https://doi.org/10.1785/0220200432
https://doi.org/10.1785/0220200432
https://doi.org/10.1785/0220180128
https://doi.org/10.1785/0220180128
https://doi.org/10.1785/bssa0530050965
https://doi.org/10.1785/bssa0530050965
https://doi.org/10.1785/bssa0530050979
https://doi.org/10.1785/bssa0530050979
https://doi.org/10.1785/bssa0530050979
https://doi.org/10.6038/cjg2018L0677
https://doi.org/10.6038/cjg2018L0677
https://doi.org/10.6038/cjg2018L0677
https://doi.org/10.6038/cjg2018L0677
https://doi.org/10.1029/2020JB020745
https://doi.org/10.1029/2020JB020745
https://doi.org/10.1029/2020JB020745
https://doi.org/10.1029/2020JB020745
https://doi.org/10.1785/0120020046
https://doi.org/10.1785/0120020046
https://doi.org/10.1785/0120080128
https://doi.org/10.1785/0120080128
https://doi.org/10.1785/0120080128
https://doi.org/10.1785/0120080128
https://doi.org/10.1785/0120110163
https://doi.org/10.1785/0120110163
https://doi.org/10.1785/0120110163
https://doi.org/10.1785/0220130103
https://doi.org/10.1785/0220130103
https://doi.org/10.1093/gji/ggw239
https://doi.org/10.1093/gji/ggw239
https://doi.org/10.1093/gji/ggw239
https://doi.org/10.3724/SP.J.1084.2012.00095
https://doi.org/10.3724/SP.J.1084.2012.00095
https://doi.org/10.6038/cjg2019M0556
https://doi.org/10.6038/cjg2019M0556
https://doi.org/10.6038/cjg2019M0556
https://doi.org/10.6038/cjg2018L0677
https://doi.org/10.6038/cjg2018L0677

	0 引言
	1 区域范围内的单台地震数据
	2 多震相谱比值叠加震源属性鉴别方法
	3 朝鲜地下核试验事件识别
	4 结论
	参考文献

