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Abstract Since 2006, North Korea (DPRK) conducted 6 underground nuclear tests at the test
site located near the China-North Korea border. These explosions generated abundant broad band
digital seismograms within regional distances. These seismograms show typical features of
shallow explosions. Processing methods for event discrimination, yield estimation, and relocation
of epicenters were developed to investigate these explosions. The spectral ratios Pg/Lg, Pn/Lg,
and Pn/Sn were calculated for all 6 explosions and 4 nature earthquakes. The results show that
network averaged P/S type spectral ratios can unambiguously separate explosions from natural
earthquakes. With this method, a regional network can effectively monitor nuclear tests of 0. 5 kt

or larger in the Korea Peninsula. The results also revealed that the m,-Ms magnitude ratio cannot
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effectively discriminate the explosion and earthquake sources in this region. A body wave

magnitude system based on regional phase LLg was created for the Northeast China-North Korea

border region. Based on this method, the Lg wave magnitudes of these nuclear tests were

calculated and their seismic yields were estimated ranging between 0.5 and 60 kt. Due to lack of

depth of burial information, these yields may be underestimated. Further investigation of the

depth effect on yield estimation is suggested. Using the location of the first nuclear test as a

reference, the epicenters of other explosions were relocated using a high-precision relative

location method.
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Fig.1 Map of the North Korea nuclear test site and
surrounding regions
The red star denotes the test site, solid circles are CNDSN
stations, solid squares are GSN stations, and solid triangles are
F-NET stations. The crosses are epicenters of 4 natural earthquakes
for discrimination experiments, and hollow stars are epicenters

of 3 small chemical explosions for seismic deep sounding.
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North Korean Max. amp. Vertical ground velocities recorded at SNY station
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Fig. 2 Normalized vertical-component velocity seismograms of six North Korea nuclear tests recorded at SNY

The event dates, maximum amplitudes and epicentral distances are listed on the left. The marks on the waveforms indicate

apparent group velocities. These seismograms are characterized by impulsive P-wave onsets, relatively weak Lg phases and

well developed short period Rayleigh waves.
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Table 1 Event parameters of the North Korean underground nuclear tests, nearby earthquakes and chemical explosions
s AW WS s W omw/or om AR Mo g SRR GO
(4E-H-H) (UTO) °N) CE) (km) X (ton) (Lg) W2 (Rayleigh) iz E % VA e

NKT1 2006-10-09 01.:35:28.00 41.287 129.108 0.360* 4.2 3.93 0.09 2.92 0.20 0.5 1
NKT2 2009-05-25 00:54:43,12 41.294 129.078 0.580* 4.7 4.53 0.13 3.65 0.07 2.5 6
NKT3 2013-02-12 02:57:51.27 41.292 129.073 0.410* 5.1 4.91 0.22 3.94 0.16 8 12
NKT4 2016-01-06 01:30:00.96 41.300 129.068 0.570* 4.9 4.67 0.19 4.05 0.08 4 9
NKT5 2016-09-09 00:30:01.39 41.298 129.080 0.780* 5.0 4.82 0.18 4.23 0.09 6 16
NKT6 2017-09-03 03:30:02.23 41.303 129.070 0.640" 6.3 5.56 0.20 5.05 0. 20 56 72
HEE 1 2002-04-16 22:52:38.19 40.71 128.67 10.0 4.6 4.17 0.12 3.07 0.19 - —
HE 2 2002-05-05 10:02:23.10 40.06 127.24 15.0 — 2.96 0.20 2.50 0.56 — -
HRE 3 2003-10-10 13:34:27.80 41.43 125.65 15.0 - 3.08 0.19 2.75 0.28 — —
Mg 4 2004-12-16 18:59:14.60 41.80 127.98 10.0 4.0 4.12 0.17 3.08 0. 38 - -
2 dE 1 1998-08-12 15:00:08.18 42.865 128.223 0.007 1.50 (ton) 1.68 0.02 2.28 0. 56 - —

L8 4E 2 1998-08-18  14:00:06.69 42.914 129.324  0.011

AL2EEHE 3 1998-08-19  15:00:07.79 42.091 128.739  0.029

1.80 (ton) 1.91 0.00 2.30 0. 56 - -

1.45 (ton) 1.77 0.00 2.34 0.28 - —

T AR BRI A 75 U 7 B 00 R 2 A T B /N RO BE 5 AR AN T R B 1 A B R

2 A A AR IR AN T D R M

i P My R RN R A R
B T X AR IS R AR AR B TR bR
K24 5 F DU . 6 TR M T A R AR AL S R
RERE ML E P BT IR RS m, (P, H
X M BN AL R L ) sA A R IR MEAE 2R G
W AR AT B TR {5 M L i B T T O R A AR
5. v X — B ME . Nuttli(1973, 1986) , Patton

Schlittenhardt (2005) | [ Lg IFIRIEE X T X 8
R
my, (Lg) = 5.0+ log,,[A(10)/C], (D
Hrp CE— RPN my =5. 0 I FAFAEZE HHE 10 km
AE 77 AR B Lg PR IE L A C10) & 7 0 25 12 A5 [ A BE 2
Ab7 AR Lg P dRiE. A Le B LA B 5 H
TE RO Y ] DK A S R B Ak WL B A L 5 4k )
SEF] 10 km &b /Y4 B8 IF HE T 35 m, (L) X TN
ekl 5 b F WWSSN & J] 4 43 4% 32 5%, Nutdli
(1973, 1986) FIJ F 27 = W B 2 0 i€ Lg I 4% i 45 2]
C=110 pm, Ifi Patton Fl Schlittenhardt (2005) ]
Y07 AR R3] C=90 pm. flA 138 IS8T 7 i b5
JE T NAEIRIRER Y m, (L) 5 I R AW FR I m, (P)
Z A5G 2 L AT 35 Z 18] ) LA EAH AR ) T i et
a5 3, AR AL T o sA i S0 DX I R

ST — M Lg R K R 4 (Zhao et al.
2008, 2010) ., 3 F — £ [A] i 4 [X dek 5 0 A1 42 Bk 5 190
WSk LR AR T X IE S m, (Lg) 5 &
PRBGR D my, (P Z I HYSEFR. NI E X — X m,
(L), i 7 ZiZ M X Lg i % sl 155 Y. Zhao 55
(2010, 2013) #E 7 1 v [ AR b i X R A2 b L X A9 58
Wi Lg P i AL, Yang (2002) 38 1 BU{E 11 5 15
BN L LA 4 # R BOpl 1ok #E47 JL A 9 JOR:
IE. R ERER R G 6 Uk G & A 21 m,
(L) FfEk 1 .

et &, TH I R R AE I R A Sk I R
20 s A7 A T AR I A B YL 7R BRI R 1L i
JEL I A T B S 5 R A5 Russell (2006) & J& T
— A B[R] 385 1 5 325 T D R DA R I A AF A
I ) X B A R 1Y {5 5. Bonner 45 (2006)
Sk TRZ A TS R B &R ORIE R T B AE R
[vi) by DX A 1 AN ) A 2 R T 307 6 0F 5 T
i M T A% 3 B Y T R L AR B T R B —
45 R (Bonner et al. s 2008; Chun et al. , 2011;
Murphy et al. , 2013; JE#ESE, 2013). FATF H
R 11 A G s TR T DR )
THE R & M, I ] — 41 7 s H 5= % 5 A I AR g
17 T #55E (Zhao et al. , 2017 %, 2013). F)
bR F & Mt AR 20 6 R & %0 Re
R RINIER 1 .
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3 WEEARL R K R AR MR I

P HE R R R AR b 7R 32 AR T 7 e 2R U
By A MR P 22 0. B AT E BRI T N R LA T
TAT. T G2 0 R R R b 2 Y R U AR A [ B A R
T ) ROBE /1N 5 SiE 5 I [ 61, JRy 38 B g 22 Ak Ok Tl
KR Hb 52 WK 2 4 3 X RO 3R R T e M R UL
7 J8 AT BRAEE G BE  E v M Y N ) AR AR AR B K
PRI T AR DI /1 %) 45 R R e 7 %) 5 50 33 £ 7 5 AT A [
F18 453 7 A0 38 JFL o RT3 A 20 14 L 49t AN AR ) G
U e R PRI B 22 1. 48 E A2 U BB bR 4% 1) [ 4
(4 5K U AR b AR 45 1w [] 1 4 23 (8] A 7 AR Gl
AN 23 7 AR AE S B 1 O g JE R IR AR AR A 2
F R A ] () 18] g o B 0T v O R s 3 AR I
LR AE R L Bl A o PR AE B ) R AR B 4 R N B
7% (spallation) & i Y 3 B8 W% 23 6 D M oy 4 0 7R
fy BT R T AR 38 I T T BSE R X A8 R o S5 A 2 7 AR
AT B0 AR AR 1) BT V) % 43 (Patton and Taylor ,
2011; Rougier et al. , 2011; Wallace, 1991). 5 & Fff
UEAEAE R 43 FL T (A A A AR R
g b 8 At 43 SR TR DL BSOS [8] RUEE i B $4 51 M 4
L FC VR K — 360 P U RE R 7RI R X FE L S
W e (Gupta et al. , 2005; He et al. , 2008; Xie
et al. » 2005; Xie and Lay, 1994). /£ h X b . #4538
bR 52 R TE AT LD B PRk R A R
WS BB, MR ERIRN ) — D EE R AL
P N TE TR AR AL AT L T R AR b R A1 R AR AR
RUGERE . R VIR 1Y 22 9] — T3 1T 2 52 Wie) 3] M 52 3 1Y
WA S AN A [R)ASE RIS () A5 58 1) T 3 8K A Ak B
BOBE TR L 282 AN R . 55— J7 T AR R Ak 5
A7) SRR R RO 2 Y 22 S0 91 G o B & R R R A
I LA T ) S5 AT 2 5 o 3] b R O 1) A S BIF O M
U T HE AT B AR R AT DABR A T R PR AR R
. EARS TR R AR, RS
B OB R ) B — RN e A8 A, i b
S5 o 540 1) v TR 3 TR 2 1 U Y TR M

RS 10k R A g i R AR 1 L B R
T % R G Ms RIS RR L my,. X F 45 5 THI IR i
FE B DR IE R 7 A LM R SR AR B R . X T
BREAF AR R my, RN RE R Ms Z R Y 22 5
S DX A L Hb AR 1) BEAR U 46 AR (Fisk et al.
2002; Selby et al. , 2012; Stevens and Day, 1985). 4l
HIIE IR AR B R S oy, AP R Ms ZAE 1 s

20 s Ze A B F R W0 . PG, g ey, A M
(09 22 00 AR BT 2 DN 2 R AR i e RS [m] A B 1 R R
Pl 7 DXl 52 00 ey T Ik R RO R A A
B A5 A g T R R 25 S S — A AR B AR
By 2 E R B /N E A (Ford and Walter, 2015;
Patton and Randall, 2002; Selby et al. , 2012; Stevens
and Day, 1985). & A 1F # 4 th » Lo 4 36 70 1 5 7%
Gn Ty i A BB AR 4 b 11 1) 8 B 4% 1 3 (Bonner et
al. , 2008; Zhao et al. , 2017; JEWEEE, 2013). & 5
JIE 7R N FATTRE 6 A5 A% A 0 e v AR bl X )
fief 2 5 1) — AL R AR L EZ AR 2 99 Y O B ok
18 DX I A 38 52 9 m, (L) RN B 2 9 Ms (Rg). W] LA
A EI PN AR IR R M 52 2 R B A Y. R i SR A
HE 257 4 Murphy 25 (1997) fl Selby 4 (2012) 4
H Y Ms =y, SR U B A 48 05 00 B9 1 95 T T3
i 2 B AR R FRAH.

B A FE T MR T SR AR AL T B e U AR B
TSRS 5 1 S5 1. A XIS R S . DA TE AT i R
Bk v SR S A ) 7 R 1 90 3 5 AR AR 3 1 A% 1 O Xy
B EATH LA s SE AT B I R B 5 —
2RI ARG 1R ) IZ R B3 P/S 26
Y TR M L K 4R R LG T BR 1Ok A A% R AR Y
SO LA SOk sR B i L Ry R TR A A
e YR 22 (] 1 22 031 s Sy RO R U 2 AR AR A ) L A
(Fisk, 2006; Kim et al. , 1993; Taylor et al. , 1989;
Walter et al. , 1995, 2007; Xie, 2002; Zhao et al. ,
2008, 2014, 2016, 2017; &S, 2017). X} 5 ff
WA AT U F S A B ok B 6 A4S 2 0 AN A% 1R R R
AR AR AE ) — 5 R AL YE BB A 4 > Rk b= (DL
2 D FRATE e Pk e 1 — 2 B A Al Kl B8 AR 1 S B
it Bl (W Sa i) R % Pn, Pg, Sn #l Lg 11
e B PR R R X & A G b il & T B
Pg/Lg. Pn/Lg Fl Pn/Sn i §k 8 L. B K 05 % W
(Hartse et al. , 1997; Zhao et al. , 2008, 2014, 2016,
2017). Fr A4l R 3R WY, 3 2L 3% % e LU A S R L T IX
S3 R IE RN R IR A2 19 05 L. (H 5 A W 25 SR AT A —
SE Y BEATLPE o 36 BRI b i AN B 7 P 4 o o X i
B L B R AR Y B 4E (Gupta et al. , 19925
Kim et al. , 1993; Richards and Kim, 2007; Zhao
et al. , 2008, 2014, 2016, 2017). M HLZ T &l &
HEE A IE JS 1 B S S 4R I b AT LR R U AT
g (Zhao et al. , 2008, 2014, 2016, 2017; i
BeAE, 2017). PG, AT i 50 B PR LR P
Yy PR L BT A 45 R B AE B 6. b 6a 2 B
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Fig.5 Surface wave magnitude Ms(Rg) versus body wave magnitude mb(Lg)

The solid stars are for North Korea explosions, hollow stars are small chemical explosions, circles filled with gray

are earthquakes used in discrimination test, and open circles

Korean Peninsula. The solid and dashed lines are screening c

are for other earthquakes in Northeast China and the

riteria provided by Murphy et al. (1997) and Selby et al.

(2012) for screening non-explosions using the m,-Ms difference.

B OLE L & 6b—6d 23 B DX ik 6 A ML T R
FERM 4 AN RRWE T GBI Pg/Leg. Pn/Lg
Pn/Sn 1 & W25 R IE L. 7T LA .78 2 Hz K
A Tl IR e LU RE % RT RE M IX 2R B 10 A ER IR Y
PRI DL B &5 SRR W] A B3 X R8s . 0 T
KA AR B 4 B UL EFAE L Sl e P HALE
4 13 0 - 25 3% i M L T AR Sy RU0) 8 A 2 R R AR
UV SibCIE L ETR

4 xR R M R Y A O

MR AR A M R 2 e DUOAR 4k A E o Y R
-4 22 1 2% SO ok R Y I AR 2 (Bowers et
al. , 2001; Murphy, 1996; Nuttli, 1986; Ringdal et
al. , 1992; Zhang and Wen, 2013; Zhao et al. , 2008,
2012) 8% M I 2= 2% (4, Patton, 2016; Stevens and
McLaughlin, 2001; Stevens and Murphy, 2001) 3¢ 15
. B ERE A — BB AT TR SRS,
B0, Sultanov 45 (1999) 45 i T i 75 Bk 1965 4F =
1988 4E41A] F T A1 H 19 19 122 > 4% 48 K (peaceful

nuclear explosions, PNE) ) 2 ${. Springer % (2002)
T T S R G R S EL XS AR
b 3SR T SR VA - NS = B R/ i B DR ST B iy
A8 S TT LA 2 136 37 O ol R G R O 2 . fH
Xf AL IR IR TE A WA A A I R A R Y I A
i Bl — S AR 5 A% 1R AR A A 3 06 3 4R A8 1 22 56 2
2R HEE Y . Nuttli (1986) % Py 48 % 12 16 37 15 3|
WA AR O T m, (Lo -S4 Em25% AN
m, (Lg) = 3.943 4+ 1. 124logY — 0. 0829 (logY)*,
(2)
Hoh Yy B4, 0 ke Ml @G A A K E A
T 5% [ HC A M T DA KA T RS v A s s
Yy I N €t T i3S T A KRl 3 X Ringdal
SE(1992) BFFE T A I8 B AE AR W BE 50 7 3 Shagan
River 13856 37 #E 47 B A% 48 X 19 L 5% 24 it Murphy
(1996 WFFE 1 il 0 10k 1) A% 10 36 LA K 7B AN [+) 3t J5 2% A4
AT T AE B B AR AR AT SO TR
JE DI P IR AT 1Y 58 4 RE S B9 R R K 48] 0 T 2 IR AE
ARG % v B H AR 37, T LU R IR 2 56 40 5K
my = 4.45 -+ 0. 75logY. (3)
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Fig. 6

Spectral ratios calculated from earthquake and explosion sources

(a) Station locations used in calculating spectral ratios, where star is the North Korea test site, solid circles are CNDSN stations, squares

are GSN stations, and open symbols are epicenters of earthquakes.

(b) to (d) are spectral ratios Pg/Lg, Pn/Lg and Pn/Sn versus

frequencies, in which the vertical and horizontal coordinates are logarithmic amplitude and frequency, red symbols are for explosions,

black symbols are for earthquakes, and blue symbols are for the September 2017 explosion.

Z [RGB AE BT IR BB L &) (Novaya Zemlya) iR 5 37 1
Pn 3% 3 B 05 AG T 25 W5 5% 78 3730 , Bowers 4 (2001)
R T H—aRAA:

m, = 4.2540.75logY (for Y >1 kt), (4a)

m, = 4.254+logY (forY <1 kt). (4b)
FHEE (3) 2 X 45 8 YRR 1 (4) 45 H 1 24 o o1 K,
M HAE 1kt ZAH —AFedr . il & T LR 4 U
JURIEUN Y R BT R Oy EIR EARER YR
B/ = A B 5 (2)— (). JER sk
TR I3 AT B 2 B SR RO ) R R R

4. 5<0m\,=<<6. 5. HEL TR I3 Ny 1) /N R G T 1) A HE 114 E
g5 X TREEKRT 5 FWFHM AR E R A0
M R ER A RN T 4 S FEAAMEE
NGNS R TE. I TARX RN,
FATHFT 42 B0 T M= R B B = s b
FERILL G0 TR H AR 7 v X 2o fp 2z g e Y Y
WO 2t A PEE R NE 2 GRS, 2002) . AT LU
WE AT 1t 22479 TNT(Zhao et al. , 2014). B4R
TSR Y /N T 29 3 MR HEA]
TEAR R 2% 3 1 B #2 3E Bowers 25 (2001) 1 22 36 iy
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Fig. 7 Empirical relations for yield estimation
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The vertical coordinate is the body wave magnitude obtained from Lg wave, and the horizontal coordinate is

the logarithmic Yield. Curves are empirical magnitude-yield relations by different authors. Sections illustrated

in solid lines are supported by observations, and in dashed lines are extrapolations. The horizontal dashed lines

indicate estimated magnitudes for 6 North Korea nuclear tests. Three chemical explosions with known yields

are illustrated with hollow stars.

2. IR BRI AL T AR E o 7e H B IR AR
F M DX o 432 30 T 250 KT 3t 8 114 2% . i 56 [ P AR s
56 T3 W) 35 I RV 0 o R R L RAIR. P B R D 2
AL E IR R Y G R AT 4% Bowers 4
(2001 Fr) 22 B il 25 ofC Hi 350 3900 f A A0 119 >4 4, I 4 X
P 6 AP R R 25 R B E R 1 AL 7 .

S TR A HE R AL Y R AR B AT
E

R b 52 R L — MO B R 22T AR X R AL 7
B DS S i  D 5 ) AR X E )
R 5E B AT AR T2 % R AL A AR
o R B 32005 vk BRI Ok I E RR R B — A A%
5 B ARXT AL o R RO AR B R L KRR S K
PLK HA F-NET & M #4 B i) DX I & 000 %o 59 ff 2% 4
FEAE T E R Pooac s m H G b 2 A 05 60 B
e UL 1 RMIE 3. AR T A X E L7 ik
(Murphy et al. , 2013; Schaff and Richards, 2004 ;

Selby, 2010; Wen and Long, 2010; Zhang and Wen,
20135 Zhao et al. , 2014, 2016) % Jy Uk 5] 6 1% 43¢
Fr v R BEAR O E 7. FRATTIN 260 A~ X I8 M 5% 65 il 1
Y & ALY Pl s IO A (5 W L & s i3
T — SBOME S 1) B 40 A FH AR OC 5 iR T SRR B T 987
AR XS FE IS I LGRS AR E A7 1 Bdfs . F USGS
25 Y 2006 AF 5 ff A% 15 0 5 R kI 20 2
2 7 vh R AR N ) oK 5 G A U 3 T Y P B
WEREN7.99 km » s~ (U0, Zhao et al. , 2016),
SR LA A AR 1) 72 8 5 R 9 I 20 A Sy R R
B RS A B ) K E T P A X A I £
H T 5 TR SR R AR I 221 22 IR — S R 3T 8 B ot
A K T 5 by b S R R A AE JBLIR K T 1k
(Kirkpatrick et al. » 1983) 3R fif 5z [v] 531, 5 4% £ W0 0]
P A0 E 5 1 18 Po AR E I Z 2509 L2 3
HR BN 1) ik B Ry HAR B UL R AR R T 225 Ji A
18 52 T 8 205 3 RS AR I 220 R T AT S R R B A R 1Y)
R S A R AR 1 R R OR AR 8 . E
RLE SRR 56— WA 2 A5 15 5 7R B vl b AT
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Mg A 2. P TE 7 08 IR 5 3 BT A% 1 A 1
{50 A FH LAt b X ) 28 35 20 A B3 2 L X AEAR K
FERE PRz i s R 2. U R R 256N
AR SR AR ok 25 32 A% K AT i A I 15 Y.
AR B 2 BAE AR 22 45 R K A T 78 Ak 050 3 A
TEANBIE T3 ) 20 00K 30 37 748 iR i 3 3 5 B 26
TR AL b, 7 S S 114 328 2 A 8 R T 9B A8 Ay 9 AR
BOF R AGE S XM RS T SR 5. BT AR IR
B A5 A 21T L AR A5 R BT B A v 106 7 2
Z AN RE. H HT R I 5 s 2 8 B 0 B s AR
8] 5 $R AT S5k 7= -4 1 2 O I 1 450 AR i 1)
U /N W - B C S U - A 6o =R (I NE R <]
KA E R, a0, F — 5037 19 2256 2 U
T ARARE D IR0 6 Gk U &5 2 X
S HH R 2 o B S PR A B R AT B/ 2
FAA A28 B T IXCIE R my, (L) SR AU i 78
TR FRGL my, (P J& B AFTE R Ge 18 2 5 72 U5 JHL I8 &8
R Jy P S5 25 R ] 52 o Xk 4 o Ak AL AR A Hor
A LEATRE S g I A K K5 2. 1 G o L0 VR JBE A K i 5
M A58 Tt 52 902 1) 77 A 2803 o e L R o ey UL T %
BEXT 2 5 Al . R & AR IFA B &R
A aE X Je O A P RS T R R A AR IR
(scaled depth)h=122Y"* 47, X — R JE-YE X R

F2 B M AR IR 3 1 45 R A B0 . AR
-4 1 24 2 3E HT T 8]y DR AS ] 383 1 48 4
Denny Al Johnson(199 D) B} 5% T A [6] 2 B i) & B 5%
# (scaling law) 153 31| 1 3B IR B 5 18 JE 3K iR RUEE 2
6] () 25 5 2% 2. Rougier 28 (2011) (9 BF9EIA B AE 4
PEEIC(E B 40 5 5L R0 I 3 08 0 £K 9% 32 #F Denny i
Johnson(1991) 15 | (Y R FF 5 BRI RO 19 % &
Patton 1 Taylor (2011) #E— 25 ph A% B 00 fi #4547
LR HE 906 1E 3y — 0. 7875log (h/120Y"*) , Hi
h R RER R, B & m. Patton il Taylor(2011),
Zhang Fll Wen(2013) F] FHixX — 24 X 3h g 1 %) 5
R 2 i B IR, R M B R4S R AR W] TR AE 14
r THbR THE SRR E ) g O N A ) R ) M SR A
T 3 B A% 0B 5 R WL B 3X — I 4. T I3 3 A Oy
(Bl Rougier et al. 2011 ) 3 fif 427 45 14 450 o 1% i A
A RERE R FARMERR BE. 18 9 22 T X 6 W fef A% 1
e VTR PE AN Y B =% 2 [A) Y 3T 2 5C ARl £k (depth
of burial trade-off curve), H ¥ 3Z.0 H B AR5 A
2 CO) FEAR T R B Ak T 1) ) S A 08 7R 2 . 2D B2k
By /R $i Patton F1 Taylor (2011) AY ¥ B & 1F 7= 4=
0 24 B AL T D ko Y i A T P R O L
K A2 v b Yy e R el 25 TR A T A F AL Y S R AE
Xof S o VR BE B REL WS A 1 2208 1E S A5 30 1Y Ml AR X i
FIFER 1 I s 0 B2 RRFER 9 . 4n iR X —
T AR B 5 0 S o 17 450, O 55 i A AR 17 L3 K B85 T g
4R h=250Y" [ HLOC &R HET . A0 far X R 4
b 5 10 R 3 AT 24 B D e AT o — > R 58 i Tk
4 TR) BB E A R B 7 2 i

T g

AR SCER G B 1A DO AR B R sk B ) 98
P A MR AC SR AR T W M R R i A5 R
R E R TR 52 8 TR X A R R R
e I RE 5 LR AR A RO RS 1 R 2. 2 R R
B, 50 6 s A ™ AR A R A X R A 3
SR ELAT B R ) A TR AR AR R TR YRR AL LB 2K T Y
Pn. Pg i EEZSR . 0] 3R Bl B K B AY Sn A1 Lg
PR 5 1T R R R T A T s P T T
AT T 1) H LA A o S e A S ) g o K
7 1) K 1 O T 2 g K il M e L T DA
BRI 1000 km. £E 5 [0 H A9 75 [6] - T3 9
Mo B BTV T 62 T H AR 52 B g A3 L
U T M) 2 T AR T AT 5 1) 0L 3 {FLE e K il g%



33 /NIRRT R R T R = L 901

10°

“56\

10?

\ R TSN T~

|y
REdillivar
//.7

10" | /

10! 102

10° 10*

Depth/m

B9 g, TREAN S i =38 Z M A I R C Rl £k
O\ A AR AL AR 3 31 g 20 ik SO TR S TR A R R RR R S0 TR R AR A bR U TR BE A TR
250 TR 5 B B TR BE 8 IE A 2 kL 3 L IE 3

Fig. 9

Depth of burial trade-off curve for North Korea nuclear tests

The vertical and horizontal coordinates are yield and depth of burial. The oblique coordinate is the magnitude.

Solid stars are yields estimated from equation (9) which assuming scaled depth, and the hollow stars are yields

with depth adjustment. Details refer to text.

A 0 i AR S0 A 150 e 2 A G SR P R R A sl o
VR % A2 1 it ) S5 R Ay R R AL 1 3 %)

FI T F A 1 R GEORMIE5E T B 6 YN AR A
2% FIH Pg/Lg.Pn/Lg il Pn/Sn % P/S ik
IR LLBIFSE T 6 > WY AR AR AL 4 A R A AE KB )
PR AR M GE. 25 SR £ .2 Hz L B & R P/S
T M L AT LA TE B bR I A R A S DR SR b AR R
PN ke R H ETAE T S X X AR
VA T 356 A5 1) 5040 AR 3 L O 1) 43 BT 12 T A A
0 7 o B AT Y 2 R T 0.5 ke i N A% IR
5. FENT T A AR b R e 5 XY L R
RAGLL T m, (L) 5 my, (P)Z A BEZR M E T 6
UK EE A A B 7R . S5 T A% K 5 3 0 b T AR
JL IR Bowers 25 (2001) i R -4 B 2K A
2 IFAB O 3 26 b A% K HL A b v B R B L AT
e . R R AR R A 7 D7 25 % LASH 5 — Ik
AR 0 )RR B I AR R 225 e T 6 IR
Tk 6 A A o () AN AR G0 . AN s s b R A T
T — M ERBI RIS B 1. A 5 K W] (Gibbons et

al. L 2017) W 25 T B 5 TF 0 40 1 A 5430 P T
2 WA REO S 7 RS . PR i — 25 1) T A 2%
B e R AR A MR 2017 4E 9 H 3 HIHS 6 1K
A0 2 LA SO SCIRE R AT 8. % 53X Yl B 19 45
BUS OO B R 2% S A A g sk ) B R
TAE 60 JH 4. H = BB TR b R A ™ G
(CENC) , Hf [# b 5% Jrg b 2R ) BRATF 55 T [ K 5807 0 7
& W A 1y o OR 5 25 48, 2009) , 56 [ L 7= 5K
A &R B0 (IRIS DMO) ik #. 18] 1 25 il 5%
F GMT %4 (www. soest. hawaii. edu/gmt) (Wessel
and Smith, 1998).
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