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Abstract: Based on broadband regional seismic data generated by six North Korean underground nuclear
tests, recorded by networks in Northeast China and adjacent areas, this paper developed a set of seismological
methods to monitor North Korean underground nuclear tests, including magnitude measurement and yield estima-
tion, high-precision relocation, and discrimination between atomic explosions and natural earthquakes. Since the
North Korean nuclear test site (NKTS) is uncalibrated, it is crucial to determine the appropriate empirical mag-
nitude-yield equation for the NKTS. This paper gathered ground truth data from chemical explosions used for deep
seismic sounding, including their locations, yields, and charge depths, and determined a magnitude-yield relation

suitable for the NKTS. A high-precision relative relocation method was applied to the six nuclear explosions at
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NKTS. To further alleviate the tradeoff between the detonate time and the source depth, according to the fact that

the Pn and Pg waves have different incident angles, Pn and Pg waveform correlations are jointly used to increase

the accuracy of relative source depth calculation. By analyzing the P/S type spectral amplitude ratios, Pn/Lg, Pg/Lg,

and Pn/Sn, for 6 nuclear tests, 4 natural earthquakes, and 3 chemical explosions, this paper found that, at above

2 Hz, the network averaged spectral amplitude ratios could reliably separate the North Korean nuclear tests from

the natural earthquakes. The spectral amplitude ratios of 3 chemical explosions are located between those of the

nuclear explosions and the natural earthquakes.

Keywords: yield estimation; relative epicenter relocation; discrimination between earthquakes and explosions;

North Korea nuclear explosion
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Fig. 1 Normalized vertical-component velocity seismograms from 6 North Korean nuclear tests recorded at MDJ station. The event

dates, maximum amplitudes, and epicentral distances are listed on the left. The marks on the waveforms indicate apparent
group velocities. The color windows indicate phases, including Pn, Pg, Lg, and Rayleigh waves. The seismograms are charac-
terized by impulsive P-wave onsets, relatively weak Lg phases, and well-developed short-period Rayleigh waves
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Fig.2 Map showing the locations of the North Korea test site (NKTS, red star) and the stations used in this study, including those
from the China National Digital Seismic Network (CNDSN, blue circles), Global Seismic Network (GSN, green squares) and
Full-Range Seismograph Network (F-net, red triangles). In the upper-right corner, the inset map illustrates the locations of six

NKTS nuclear tests (red stars) (from He et al., 2018)

JE AR R - R R G . A SCR A Lg BE
AR IR M M 22 5 MR R P A R E R (Nut-
tli, 1973, 1986; Schlittenhardt et al., 2010), FFXf
HEE RBEAT T EORE. D3R4 B8 AT S i 200 €
508, B SR A E R R A e i A 1 2000 4 12
£ 2006 4 11 F 3118 72 550 3 Bt i 1) R SR b s A
XTI RE & WMBEHT TR ENRE, R T %A
B FEm R IE. 9 R RAEWTIZ B S Bl A
JZHE AL T ARV N AR IR R KRR -8
Zein A AT R EE AR I 3 B A 5 o
fr &g A BT Z AR 2 — DN RER €
kS, BRI O 2 & A R AR bR
A P B 7B K- B R 2 06 A Nk AT AR

( Chun and Henderson, 2009; Ringdal et al., 1992;
Zhao et al., 2008) . 7K B Rt 7 E B
3 DXH T H R MR 10 MU R IE R RE B,
ALFE LB MR IRE. Horh 3 DR X IR E K
AiEWRIdx (£ D, NEEEHWER-LEX
FAUAAER AL TR S E IR M 1 A M E R E RS
i CRRCREEE, 2002; KRG HESE, 2002) | R,

A IEMTEEMA R R-LE R FR (Bowers et
al., 2001), 3K 7T 2006 4E 10 H 9 H #&F H T #%
T 56 E I SR B SR N B & 0.48 kt (T
WD G SR R B A0 A RT R R
(over buried), ZRERKIE)E, HMEAL 1.2~
1.5 kt (Zhang and Wen, 2013) . f2 #& H [H Z= 4k J2 4%
IHL X 11 MR S b R SR, SRS =188
PRGNS T ARYRIE I 7 iR 5 7 SAEE A 6 IR R
AR 1) Lg WA P L (He etal, 2018; Zhao L F
et al., 2008, 2012, 2014, 2016, 2017) . 3K FH A ] 8~
25 s [) Rayleigh P KIRMERAE 1R R M (T
S, 2013) . &0 BR AT A BEORT & R B AR I S 3RS
6 YL T AR I L PR B my, (Lg) 4
SN 3.93+0.08. 4.53£0.12. 4.91+0.22. 4.67+0.19.
4.83+0.18 fil 5.57+0.22; Rayleigh [ # 7= 2% 4 5
2.93+0.18. 3.62+0.21. 3.97+0.17. 4.04+0.07. 4.22+
0.08 F1 5.10+0.20 CUf/NEARRERE, 2018) . FI&
B A% 000 37 8 L AR R A AR R I, SR
HALAE SR A A e AR G AR EI RS- Y B A
I A T AZ B 24 & (Bowers et al., 2001), [H]
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Table 1 Source parameters of the calibrated explosive events

provided by Prof. Zhang Xiankang

H 19 I a] LREE/ON | ZJE/°E | TREE/m | 24/ (ton)
1998-08-12 | 15:00:08.18 | 42.865 | 128.223 7.4 1.5
1998-08-18 | 14:00:06.69 | 42.914 | 129.324 | 11.4 1.8
1998-08-19 | 15:00:07.79 | 42.091 | 128.739 | 28.8 1.45

i 22 o [ 2 AR B IX R T N T FR IR () 2 4 &=
EERIERAE GRRRISE, 20025 5KICEESE, 2002),
B2 7 6 KEAEEHL N AZARIE I S &5 0N 0.5, 2.5,
8.0. 4.0~ 6.0 F1 56 kt CUf/NFEAXIERE, 2018) .

R A sA S N AR R POR G R, SR AR
& W BN E L E P BRH my,. AR IR AR 2%
294041 (CTBTO) HIAFE] 6 IRFEAFHIZRE P UK
BN 41, 45, 49, 49, 5161, EH
AR (USGS) 3345 &2 43, 4.7, 5.1,
5.1. 5.3 f1 6.3 (Voytan et al., 2019) . & 6 K}
N AZ RIS A B R E,  BREIRAT SRS i AR
JEMERGTE (B 3) R PE USGS HzE & P k&
PRIRFEEAL AR, 6 UG T 1258 (1) 24 & Al
TF M 2.5, 9.0, 21.6. 19.8. 34.2 fl1 3532kt (% 2)
(Yang et al., 2021) .

R2 IR i O S B AR A 2
Table 2  Best-fit burial depths and explosive yields of the North Korean nuclear tests

IR I | P e | mag® | o | O o | ™ ] g
(yyyy-mm-dd) REE®/m (CTBTO) (NEIC)

NKTI 2006-10-09 1390% 330 — 3.93 1.0 4.1 1.6 43 2.5
NKT2 2009-05-25 1498% 540 F i 453 6.1 4.5 5.7 47 9.0
NKT3 2013-02-12 1418 506 43 491 13.7 4.9 13.4 5.1 21.6
NKT4 2016-01-06 1639 468 48 4.67 7.5 4.9 12.6 5.1 19.8
NKT5 2016-09-09 1653 521 47 4.82 11.5 5.1 21.7 53 34.2
NKT6 2017-09-03 1604 570 57 5.56 66.1 6.1 225.7 6.3 353.2

EBHEL® | 1998-08-12 — 7 — 1.94 1.5 (ton) — — — —

e E R NE2 1998-08-18 — 11 — 2.17 1.8 (ton) — — — —

TR AE3 1998-08-19 — 29 — 2.03 1.45 (ton) — — — —

T DRI AR S Rk B X SE RIS R

OGS EFHORBRE 2173 B FIXHREE (NKT1—6 AR =R K K 1720 m, 2038 m, 1924 m, 2107 m, 2174 m A12174 m).
(ONKTIURINK T2 i AR T8 A T 53807 B 2 6] H A 4% RER TR T

@2 F/NE R R (2018).

(ONKT1—6/1 24 Ay ARG AR B VE 4% (5] 3 Bowers et al., 2001).

©3% H CTBTO.
@3k AUSGSEF H17% (5 B AP0 (NEIC).

@k A P E bR R R Y FE R 0 (GECCEA) (TRSEHESEASRML).

Off FHCTBTORE AT EI A S A1
(Off FINEICREAS 2 1) G AT

2 FERE AR E AL

T AR NED) IR FE R HETR A TR E S 2
B%AF (Zhang and Wen, 2013) . H A F|H L 5E pP
AP ERZEF U ERET RS BB e, &)
R 5B VR £ ( Murphy and Barker, 2006; Yuan et al.,
20200 . 6 XZRIAE R — I #AT, TR
i, FPEFE— G HEIEALL. ER— &k E, il

SAX AR A& FE i N AR E], AR Z TS, R,
P 3% Bl 22 3 20 T 7 1) Pn WOEE . RUE
R FE AN A S5 51 k. TR YRR BE 5 A BRI (]
ZAEAESR BT, AT A E B IRIREE, R
SRIFEACARIT ] (Zhao et al., 2014) . FIH] Pn i F i}
() AR OIS 22, SR FTAH XS a8 67 77 1645 21 W) 2 72 U5
(AR R, T 22 M 3 e 1 W] A4S B 0] BB
FERIME T (Wen and Long, 2010; Zhao et al., 2014) .
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MER-MEER AN, AEEEANEEH FZIR%Y (518 Nuttl, 1986). A7 T Z 05 5= 5 i 385 (1 05 B % X 58 5
(5] H Murphy, 1996; Ringdal et al., 1992) F1{7 T Novaya-Zemlya F) 75 B% i35035 (51 H Bowers et al., 2001) . S2£83R
N BHESCRHR Sy, AR AR A /N R o i 2 AR A5 R 2L C R By Tk S B Se AR 4R R C AN TR S H) 3
TACFRIEREE R, (b) ] Bowers 48 (2001) M50 A X AS 2K NKT1—6 BB A4 5. i A6 12 N icE
FRURAL T IEH BOR FE h=120Y"° BB RSG5 IR, Horh h ORI, YRR G R, 40 TR RO 2 HUBOR FE R IE
h=230Y"" 13BN 8, FEkIROR A RN AL A MR AT (5] H N EARIEEE, 2018)
Empirical magnitude-yield relations for yield estimates. (a) Three magnitude-yield empirical relations at the Nevada test site
(from Nuttli, 1986), East Kazakhstan (from Murphy, 1996; Ringdal et al., 1992), and Novaya Zemlya (from Bowers et al.,
2001), where the solid lines are the parts supported by data and the dashed lines are extrapolations to smaller magnitudes.
[Nlustrated are the yields of NKT1-6 estimated using the empirical equation of Bowers et al. (2001) based on an assumption of
normally scaled burial depths and three small chemical explosions (red solid circles) with known source parameters. (b) Yield
estimates for NKT1-6 without (white stars) and with (red stars) burial depth corrections. The normally scaled depth /=120Y"*
and another overburied scaled depth /=230Y"" are included for reference (from Xie and Zhao, 2018)

B A EEAZAR G 1 AT R F BRI I, A 5T
SR T P AT Pg AN AR, BT BRI
AN A, AR R P AR A T DB
ST M 2 AR G B R AF [,  [] B 34 R o A X
IR B (Yang et al., 2021) . 3 o % #% 7 F
(41.2952°N, 129.0778°E) ] NKT2 1 N I F 44,
BB A FH AH XS 8 57 7 V20 5 B T A6 1) A X

AL E . A AR IS AR N E] (He et al., 2018;
Yang et al., 2021) . b H#i18 T5 5 Pn ik 8 B [ € A
8.0 km/s (Zhao L F etal., 2014, 2016) . R ¥E 5L
Sy DX FE S AR, NKTS Jrih R P il H
WE N 5.2 km/s (Bonner et al., 2008) . K AE£k
MIBEALIR K SRR B S 40 (R 3), HAT AR
zE B — 3 (Gibbons et al., 2017; He et al., 2018;

R3PS R A G R A B AT AR I (]

Table 3  Best-fit epicenter locations and origin times of the North Korean nuclear tests

AR H# (yyyy-mm-dd) H[E] (hh:mm:ss ) [aii== LiE/PN Z%/°E A A8 (57 AN 2 S /m
NKT1 2006-10-09 01:35:28.0000% _ 41.2874% 129.1083% —
NKT2 2009-05-25 00:54:43.1409% FHpE 4129529 129.0778% FE
NKT3 2013-02-12 57:51.3 0.0043 412931 129.0745 89
NKT4 2016-01-06 30:00.9 0.0048 41.2994 129.0721 83
NKT5 2016-09-09 30:01.4 0.0047 412973 129.0809 84
NKT6 2017-09-03 30:01.6 0.0057 413013 129.0741 98
(DNKTI1: 55— it bt R A% 56
@1 USGS.
@k H AWK (3] HWen and Long, 2010; Zhao et al., 2014).
@3 A Prif H A S I 22 I E (45 R (5] FH He et al, 2018).
GBENLHIIR 8001 Hf 22 5047 B2 145 I B 1224 KAl 4 (5| F Efron, 1983).
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Fig. 4

Topography map of the NKTS and relocated epicenters of nuclear explosions (solid blue circles) relative to the master event

NKT2 (red solid circle). Also shown in the map are epicenters by He et al. (2018) (yellow solid circles), epicenters given by
the North Korean military (numbered white circles), and the epicenters of NKT4 and NKT6 obtained from InSAR data (white
numbered triangles) (from Myers et al., 2018; Sreejith et al., 2020; Wang et al., 2018; Wei, 2017). The red dashed line illus-
trates a path through all six nuclear tests used to exhibit their relative depths in Fig. 5. (b) The relocation errors obtained using

the bootstrap method, and (c) the poster shown by the North Korean military
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(a) Convergence of the root mean square (rms) residuals of the relative elevations during the inversion (from Yang et al.,
2021). The relative elevations of NKT3, NKT4, NKTS5, and NKT6 rapidly converged to 1418+43, 1 639+48, 1 653447, and 1 604
+57 m, respectively, to the master event, NKT2 (1498 m). Dashed lines with decreasing residuals are shown when a relative
elevation converges. (b) Profile showing the burial depths of 6 North Korean nuclear tests. The profile is along a zigzag line
shown in Fig. 4a. The burial depths of NKT1 (330 m) and NKT2 (540 m) were estimated by assuming the elevations of the
tunnel entrances, and the NKT2 was used as the reference event. The burial depths of NKT3-6 were obtained from the inverted
relative elevations, topography, and elevation of the master event
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Fig. 6 (a) Map showing the location of the NKTS (red star), locations of stations used for calculating the spectral ratios (solid squares
and circles), epicenters of known natural earthquakes (blue squares), and three chemical explosions (red triangles). (b) Illustra-
tion of network averaged spectral ratios calculated based on data from 11 regional stations. (c) The network averaged spectral
ratios from different source types. (d-f) Network averaged spectral ratios versus frequencies for Pg/Lg, Pn/Lg, and Pn/Sn,
respectively. Shown in these panels are known NKTS nuclear tests (red), the chemical explosions (purple), and the natural

earthquakes (blue) from top to bottom
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