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Short Note

The 9 September 2016 North Korean Underground Nuclear Test

by Lian-Feng Zhao, Xiao-Bi Xie, Wei-Min Wang, Na Fan, Xu Zhao, and Zhen-Xing Yao

Abstract We characterize the seismic events that occurred in North Korea on 9 Sep-
tember 2016 and South Korea on 12 September 2016. The 9 September 2016 event was
identified as an explosion, and the two 12 September 2016 events were identified as
natural earthquakes using the P/S (P- and S-wave) spectral ratios, Pg/Lg, Pn/Lg, and
Pn/Sn as discriminants. The explosive event was relocated within the North Korean
nuclear test site using a relative location method and the 2006 North Korea underground
nuclear test as the master event, and the epicenter was identified at 41.2976° N latitude
and 129.0804° E longitude. From the regional Lg and Rayleigh waves, the body- and
surface-wave magnitudes for the 9 September 2016 event were calculated as
mb�Lg� � 4:8� 0:2 and Ms � 4:2� 0:1. By adopting an empirical magnitude–yield
relation for the body-wave magnitude, and assuming that the explosion was fully coupled
and detonated at a normally scaled depth, we estimated that the seismic yield was ∼6 kt,
and the uncertainty range was between 3 and 11 kt. If an overburied depth range between
780 and 1200 m was applied, then the yield would be increased to 16–22 kt.

Electronic Supplement: Figures comparing the vertical seismograms for events
occurring on 9 and 12 September 2016; spectral ratios from individual stations and
events; Pn-waveform cross correlations at selected stations and vertical Rayleigh
waveforms from NKT5 recorded at station HIA; and tables of the cross-correlation
parameters of the Pn waveforms, residuals of Pn differential travel times, and event
parameters used in this study.

Introduction

At 00:30 (UTC) on 9 September 2016, a seismic event
occurred near the North Korean nuclear test site (NKTS) (red
star in Fig. 1). The North Korea government subsequently
claimed that they had successfully conducted an under-
ground nuclear test, the fifth in a series of tests conducted
in 2006, 2009, 2013, and January 2016. The U.S. Geological
Survey reported that the event was located at 41.32° N,
128.99° E, and that the magnitude wasmb 5.3. The waveform
from the recent event is similar to those from previous
nuclear tests, and they all featured abrupt primary P waves,
relatively weak Lg phases and well-developed short-period
Rayleigh waves (Fig. 2).

Coincidently, two other seismic events occurred on the
Korean Peninsula on 12 September 2016 (green symbols in
Figs. 1 and 3a). These events were also recorded by the same
seismic networks in the region. Data from the China National
Digital Seismic Network, the Global Seismic Network, and
Japan’s F-NET are collected for this study. With which, we
investigate the characteristics of the above-mentioned seis-
mic events on the Korean Peninsula. Using the P/S spectral

ratio method (e.g., Richards and Kim, 2007; Zhao et al.,
2008; Shin et al., 2010; Murphy et al., 2013), we confirm
that the 9 September 2016 event was an explosion, whereas
the two 12 September 2016 events were natural earthquakes.
For the explosion that occurred at the NKTS, we use the rel-
ative location method (Schaff and Richards, 2004; Schlitten-
hardt et al., 2010; Selby, 2010; Wen and Long, 2010;
Murphy et al., 2013; Zhang and Wen, 2013; Zhao et al.,
2014) to obtain its epicenter relative to that of the 2006 test,
determine its body- and surface-wave magnitudes (Bonner
et al., 2006, 2008, 2011; Russell, 2006; Chun et al., 2011;
Fan et al., 2013), and estimate its seismic yields (e.g., Zhao
et al., 2008, 2012, 2014; Murphy et al., 2013; Zhang and
Wen, 2013). Hereafter, we refer to these five successive
North Korean nuclear tests as NKT1, 2, 3, 4, and 5.

Event Discrimination

At regional distances, because of different scalings of
P- and S-wave excitation functions between explosion and
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earthquake sources, the P/S-type spectral ratio can represent
an effective discriminant for identifying explosion and earth-
quake sources (e.g., Taylor et al., 1989; Kim et al., 1993; Wal-
ter et al., 1995, 2007; Xie, 2002; Fisk, 2006). The source
discrimination dataset for the Korean Peninsula consists of
four previously confirmed North Korean explosions, four

nearby earthquakes, and three recent events
on 9 and 12 September 2016. For these
events, we sampled the regional phases Pn,
Pg, Sn, and Lg from vertical-component
displacement waveforms at stations with
almost purely continental paths and calcu-
lated the P/S-type spectral ratios Pg/Lg,
Pn/Lg, and Pn/Sn at individual stations
(Hartse et al., 1997; Zhao et al., 2008,
2016). The amplitude–frequency–distance
corrections are derived based on the data
from all 11 events (Walter et al., 2007). The
most prominent features are that the 9 Sep-
tember 2016 event has strong Pn and Pg
waves at all distances, whereas the two
12 September 2016 events have more de-
veloped Lg waves (Ⓔ Fig. S1, available
in the electronic supplement to this article).
Although the two South Korea events are
biased to the southeastern edge of the

Korean Peninsula, these profiles appear to have similar group
velocities for different regional phases. This may be because
they are still located in the same geological platform. The
stations used to calculate the spectral ratios are illustrated
in Figure 3a. Although the spectral ratios generally separate
the explosions from earthquakes, overlaps are observed in
these ratios from individual stations. Illustrated inⒺ Figure S2
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Figure 1. Map showing the locations of the North Korean nuclear test site (NKTS;
red star), the China National Digital Seismic Network (CNDSN; solid circles), Global
Seismic Network (GSN; solid squares), and F-NET (triangles) stations used for reloca-
tion. Station MDJ (pointed by an arrow) and two seismic events occurred on 12 Sep-
tember 2016 (green symbols) are also labeled. NK, North Korea; SK, South Korea.
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Figure 2. Normalized vertical-component velocity seismograms recorded at MDJ for the seismic event on 9 September 2016, and four
confirmed North Korean nuclear tests on 6 January 2016, 12 February 2013, 15 May 2009, and 9 October 2006. The event dates, maximum
amplitudes, and epicenter 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 3- to 5-s short-period Rayleigh waves.
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are spectral ratios calculated for individual stations with
network averages and standard deviations indicated by solid
lines and shadows. Clearly, the individual station data show
large scatters, particularly for smaller or remote events. On
the contrast, the network averaged values are far more robust
(e.g., Gupta et al., 1992; Kim et al., 1993; Richards and Kim,
2007; Zhao et al., 2008, 2014, 2016). Figure 3b–d shows the
network averaged spectral ratios Pg/Lg, Pn/Lg, and Pn/Sn
from the four confirmed explosions (NKT1–NKT4, red), four
natural earthquakes (black), and three yet-to-be-identified seis-
mic events on 9 (blue) and 12 (green) September 2016. For all
three types of spectral ratios, the explosion and earthquake
populations can be completely discriminated at frequencies
above 2.0 Hz. The 9 September 2016 event at the NKTS falls
well within the explosion group and can be confirmed as a
new underground nuclear test, whereas the two 12 September
2016 events are unambiguously within the earthquake
population.

High-Precision Relative Location

With increasing differential Pn travel-time data from the
NKTS explosions, the relative location method (Schaff and

Richards, 2004; Selby, 2010; Wen and
Long, 2010; Murphy et al., 2013; Zhang
and Wen, 2013; Zhao et al., 2014, 2016)
provides highly accurate event locations
relative to a given master event. Following
Zhao et al. (2014), we use NKT1 as the
master event to simultaneously constrain
the locations and origin times for NKT2–
NKT5. Because the five North Korean
nuclear tests were closely detonated, the
Pn differential travel times at individual
stations can be attributed to their origin
times, epicentral locations, burial depths,
and Pn velocity beneath the NKTS.
Based on previous investigations, we fix
the uppermost-mantle Pn velocity to
7:99 km=s (e.g., Zhao et al., 2016).
Considering the trade-off between depth
and origin time, only the latter is included
in the calculation. Finally, we create a rel-
ative relocation model with 12 parameters
including the longitudes, latitudes, and
origin times for NKT2–NKT5 to fit the
observed Pn differential travel times.

Pn waveforms observed at 197
regional seismic stations (Fig. 1 and
Ⓔ Tables S1 and S2) are used for the
cross-correlation calculations (Schaff and
Richards, 2004; Zhao et al., 2016), which
result in 578 differential travel times for
relocation modeling (Ⓔ Fig. S3 and
Tables S1–S4). The investigated model

is parameterized by the longitudes, latitudes, and origin times
for NKT2–NKT5 (Table 1). We provide variation ranges of
the NKT2–NKT4 parameters based on our previous results
(Zhao et al., 2014, 2016). In contrast, a relatively broader
range is set for the NKT5 event parameter. Simulated
annealing (Kirkpatrick et al., 1983), which is a nonexhaus-
tive global optimization algorithm, is used to estimate the
parameters in model space. This method has been widely
applied in geophysical modeling (e.g., Kirkpatrick, 1984;
Iritani et al., 2014; Zhao et al., 2015). We perform the param-
eter search by minimizing the L2 norm of the difference
between the observed and synthetic Pn differential travel
times. The best-fit model parameters and their standard de-
viations are obtained by the bootstrap method (Efron, 1983)
and are listed in Table 1. The best-fit epicenter of NKT5 is
41.2976° N, 129.0804° E, which is close to the result pro-
vided by Gibbons et al. (2017) for the same event. Based
on the error ellipses (Allan, 1972), the precision in the rel-
ative location is ∼32 m (Table 1). In Figure 4, the epicenter
of NKT5 is ∼1000 m east and 300 m south of NKT4, 200 m
east and 300 m north of NKT2, and 2600 and 900 m from
NKT1 and NKT3, respectively. NKT5 appeared to occur
under the same mountain as NKT2, NKT3, and NKT4,
although it is closer to the peak. The best-fit origin time
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Figure 3. (a) Map showing the location of the NKTS (red star), locations of the
stations used for calculating the spectral ratios (solid squares and circles), epicenters
of known natural earthquakes (black open symbols), and two unidentified events (green
open symbols). (b–d) Network averaged spectral ratios versus frequencies for Pg/Lg,
Pn/Lg, and Pn/Sn. The known NKTS explosions are shown in red, the 9 September
2016 event is shown in blue, the known earthquakes are shown in black, and the
two events on 12 September 2016 are shown in green.

3046 Short Note



for NKT5 is 00:30:01:3857� 0:0014 UTC. The accuracy of
the final relocation is strongly dependent on the master
event NKT1.

Body- and Surface-Wave Magnitudes

The body- and surface-wave magnitudes are calculated
based on an 11-station regional seismic network. The
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Figure 4. Map showing the topography and relocated epicenters of the NKTS explosions. The white dots are the results from this study,
and the blue dots are those given by the U.S. Geological Survey (USGS). The inset map zooms into the source region of the NKT5, where
crosses are epicenters obtained using partial information and used to estimate errors based on the bootstrap method (Efron, 1983).

Table 1
Model Parameters of the Pn Differential Travel Times Used in This Study

Model Space and Prior Information Best-Fit Inverted Model

North Korean
Nuclear Test
(yyyy/mm/dd) Parameter Name

Prior
Information Data Range References Mean

Standard
Deviation

NKT1
(2006/10/09)

x1 Longitude (°E) 129.1083 Fixed as master
event

Wen and Long
(2010)

129.1083 0

y1 Latitude (°N) 41.2874 Zhao et al. (2014) 41.2874 0
t01 Origin time

(hh:mm:ss.ssss)
01:35:28.0000 USGS 01:35:28.0000 0

VPn Pn velocity (m=s) 7.99 Zhao et al. (2016) 7.99 0
NKT2
(2009/05/25)

x2 Longitude (°E) 129.0775 x2 ± 0.0030 129.0778 0.0004

y2 Latitude (°N) 41.2940 y2 ± 0.0030 Zhao et al. (2014) 41.2943 0.0005
t02 Origin time

(hh:mm:ss.ssss)
00:54:43.1142 t02 ± 20 (s) Wen and Long

(2010)
00:54:43.1239 0.0027

NKT3
(2013/02/13)

x3 Longitude (°E) 129.0733 x3 ± 0.0030 129.0730 0.0004

y3 Latitude (°N) 41.2918 y3 ± 0.0030 Zhao et al. (2014) 41.2921 0.0005
t03 Origin time

(hh:mm:ss.ssss)
02:57:51.2741 t03 ± 20 (s) Zhang and Wen

(2013)
02:57:51.2725 0.0016

NKT4
(2016/01/06)

x4 Longitude (°E) 129.0678 x4 ± 0.0040 129.0680 0.0005

y4 Latitude (°N) 41.3003 y4 ± 0.0040 Zhao et al. (2016) 41.3001 0.0006
t04 Origin time

(hh:mm:ss.ssss)
01:30:00.9706 t04 ± 20 (s) 01:30:00.9635 0.0014

NKT5
(2016/09/09)

x5 Longitude (°E) 128.9900 x5 ± 0.2000 Gibbons et al.
(2017)

129.0804 0.0002

y5 Latitude (°N) 41.3200 y5 ± 0.2000 USGS 41.2976 0.0003
t05 Origin time

(hh:mm:ss.ssss)
00:30:02.0000 t05 ± 20 (s) 00:30:01.3857 0.0014

USGS, U.S. Geological Survey.
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Lg-wave body-wave magnitudes from the network are
precalibrated using a historical dataset composed of 102
regional events with both mb�P� and mb�Lg� measurements,
and a regional Lg attenuation model (Zhao et al., 2008,
2010). Using this network, the body-wave magnitude for
NKT5 is mb�Lg� � 4:82� 0:18 (Ⓔ Table S5).

Russell (2006) developed a time-domain surface-wave
magnitude measurement method that extends measurements
from traditional teleseismic distances to regional distances.
Bonner et al. (2006) applied this method to multiple datasets
to demonstrate its applicability in different regions. For

North Korean nuclear tests, several authors used the method
and obtained consistent results, either at regional or teleseis-
mic distances (Bonner et al., 2008; Chun et al., 2011; Fan
et al., 2013; Murphy et al., 2013). We adopted the method
to analyze a group of historical events and calibrate the
11-station regional network for Rayleigh-wave magnitude
measurements (Fan et al., 2013). Ⓔ Figure S4 shows an
example of surface-wave magnitudes calculated using Ray-
leigh waves at an individual station. After correcting for the
site responses at individual stations and periods, the surface-
wave magnitude obtained for NKT5 is Ms � 4:23� 0:09
(Table 2 and Ⓔ Table S5). Compared with previous results,
theMs measurements for all NKTS explosions are consistent
although different datasets were used (Table 3). Using the
11-station regional network, we obtain the body-wave mag-
nitudes mb�Lg� and surface-wave magnitudesMs for all 102
events in northeast China and the Korean Peninsula. The
results are illustrated in Figure 5, where the North Korean nu-
clear tests (solid stars), earthquakes (circles), and three small
chemical explosions (open stars) for deep sounding purpose
are shown asMs versus mb. Two criteria for separating explo-
sions from earthquakes are illustrated (Murphy et al., 1997;
Fisk et al., 2002; Selby et al., 2012; Ford and Walter, 2014).
The explosion and earthquake populations overlap each other
based on the Ms and mb�Lg� calculated in this study. In
particular, the five NKTS explosions and six earthquakes used
in the identification calculation (light gray-filled circles) could
not be separated properly. At the low magnitude end, the
events are further biased from the lines. The results indicate
that the P/S ratio method is a more effective discriminant than
the mb�Lg�–Ms difference for explosive source identification
on the Korean Peninsula (Bonner et al., 2008; Patton and
Taylor, 2008; Selby et al., 2012).

Yield Estimation

The seismic yield of an underground nuclear test can be
estimated using a calibrated empirical magnitude–yield
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Figure 5. Ms�Rayleigh� versus mb�Lg� for NKTS explosions
(solid stars), natural earthquakes (circles), and chemical explosions
(open stars) in northeast China and the Korean Peninsula. The six
natural earthquakes used in the identification calculation are filled
with light gray color. The solid and dashed lines are the screening
criteria provided by Murphy et al. (1997) and Selby et al. (2012) for
separating explosions from earthquakes using the mb–Ms method.

Table 2
Surface-Wave Magnitudes (Ms) of the North Korean Nuclear Tests

2006/10/09 2009/05/25 2013/02/12 2016/01/06 2016/09/09

Network. Station Ms Period (s) Ms Period (s) Ms Period (s) Ms Period (s) Ms Period (s)

HL.BNX 2.54 14 — — 3.95 14 4.01 14 4.18 9
HL.HEH — — 3.56 18 3.80 12 3.96 13 4.13 13
JL.CN2 3.06 18 3.76 8 4.13 8 4.16 8 4.35 8
LN.SNY 3.08 9 3.74 11 4.07 11 4.11 11 4.31 11
LN.DL2 2.87 25 3.67 9 4.05 9 4.14 9 4.36 9
NM.XLT — — — — 4.02 13 3.98 15 4.18 13
SD.TIA — — — — 3.59 18 — — 4.29 18
IC.MDJ 2.78 8 3.60 13 3.83 13 4.00 13 4.19 13
IC.HIA 2.92 19 3.70 11 4.00 10 — — 4.20 17
IC.BJT 3.01 12 3.59 13 3.98 13 — — 4.11 14
IC.INCN 3.13 8 3.61 15 — — 4.02 15 4.20 15

Network average 2.92 3.65 3.94 4.05 4.23
Standard deviation 0.20 0.07 0.16 0.08 0.09
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relation either from body-wave magnitude (Nuttli, 1986;
Ringdal et al., 1992; Murphy, 1996; Bowers et al., 2001;
Zhao et al., 2008, 2012; Zhang and Wen, 2013) or surface-
wave magnitude (e.g., Stevens and McLaughlin, 2001; Ste-
vens and Murphy, 2001; Patton, 2016). Because the nuclear
explosion yield of the NKTS is not available, this test site is
uncalibrated. To estimate the seismic yield, we borrowed the
empirical relation from a calibrated site. The NKTS explo-
sions generated unusually strong Rayleigh waves (Murphy
et al., 2013; Zhao et al., 2016), and the resulting surface-
wave magnitude may overestimate the yields of NKTS
explosions (e.g., Bonner et al., 2008; Stevens and Thomp-
son, 2015; Patton, 2016). Therefore, only the body-wave
magnitude from the regional phase Lg is used to estimate the
seismic yields for the North Korean nuclear tests. Considering
that the NKTS is located on a stable platform, we choose
empirical magnitude–yield relations for hard-rock regions,
that is, those at the test sites Novaya Zemlya (Bowers et al.,
2001) and East Kazakhstan (Ringdal et al., 1992; Murphy,
1996). Based on three chemical explosions with known yields
(Richards and Kim, 2007; Zhao et al., 2008), we prefer the
fully coupled hard-rock site equation by Bowers et al.
(2001) for the NKTS (Zhao et al., 2008, 2012, 2014, 2016).
The estimated yield for NKT5 was 6 kt using this relationship
and assuming a normally scaled burial depth. Transferring the
�0:2 magnitude measurement error to the yield introduces
uncertainty between 3 and 11 kt. However, this yield could
be underestimated if the source is greatly overburied.

Discussion and Conclusions

Based on broadband regional seismic data recorded in
northeast China, South Korea, and Japan, we investigated the
seismic characteristics of the 9 September 2016 event near
the NKTS, and two other seismic events on the Korean
Peninsula on 12 September 2016. Based on a regional net-
work analysis, the 9 September 2016 North Korean event
was confirmed to be an underground nuclear test, and the
two 12 September 2016 events were identified as natural
earthquakes. These results indicate that the network-based
P/S-type spectral ratios from regional phases are effective
discriminants for separating explosions and earthquakes
on the Korean Peninsula. An underground nuclear test
detonated in the China–North Korea border area can be un-
ambiguously recognized using a regional seismic network.

The locations and origin times of NKT2–NKT5 were
determined based on the relative location method using
NKT1 as the master event. The results are consistent with
those of previous reports (e.g., Wen and Long, 2010; Zhang
and Wen, 2013; Zhao et al., 2014, 2016). However, the cur-
rent results are calculated based on a local 1D model. There
are clues that the regional 3D structure at the source region
may affect the relative location result. The error analysis
regarding the relocation accuracy does not reflect the errors
resulted from the 1D approximation. Recently, Gibbons et al.
(2017) found that there are discrepancies between the differ-
ential travel times measured from the global P waves and
regional Pnwaves. They used an optimization method to find
compensations to eliminate these discrepancies and improve
the accuracy in relative location.

To date, no explosion with known yields has been
documented at the NKTS. Therefore, the yield estimation ob-
tained here can be affected by several factors, such as transfer
of an empirical magnitude–yield relation from a calibrated
test site, replacement of the global mb�P� with the regional
mb�Lg�, unknown burial depths, and local geology, can
introduce uncertainties to the yield estimation, and certain
factors may cause severe biases. For individual events,
specific source mechanisms and near-source environment
can cause biases from a general mb�P�–mb�Lg� relation.
For example, NKT4 and NKT5 have 0.1–0.2 magnitude unit
differences between mb�P� and mb�Lg�. To prevent radioac-
tive leakage, the underground nuclear tests used to be
overburied. The burial depth may be estimated using the
elevation difference between the epicenter and tunnel en-
trance (e.g., Zhang and Wen, 2013). Based on the relocation
results (Fig. 4), the minimum burial depth for NKT5 was
∼780 m (Gibbons et al., 2017). If this is the case, a down-
ward extension of 400 m can increase the seismic yield of the
NKT5 to between 16 and 22 kt.

Data and Resources

The waveforms recorded at the China National Digital
Seismic Network (CNDSN), Global Seismic Network
(GSN), and F-NET stations used in this study were collected
from the China Earthquake Network Center (CENC), the
Data Management Centre of China National Seismic Net-
work at the Institute of Geophysics, the China Earthquake
Administration (SEISDMC; Zheng et al., 2010) at http://

Table 3
Comparison of Surface-Wave Magnitudes (Ms) for North Korean Nuclear Tests from Different

Authors

2006/10/09 2009/05/25 2013/02/12 2016/01/06 2016/09/09 References

2.94 ± 0.17 — — — — Bonner et al. (2008)
2.8 3.55 ± 0.06 — — — Shin et al. (2010)

2.89 ± 0.11 3.52 ± 0.16 — — — Chun et al. (2011)
2.93 ± 0.20 3.66 ± 0.10 — — — Murphy et al. (2013)
2.92 ± 0.20 3.65 ± 0.07 3.94 ± 0.16 4.05 ± 0.08 4.23 ± 0.09 This study
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www.seisdmc.ac.cn (last accessed September 2016), the
Incorporated Research Institutions for Seismology Data
Management Center (IRIS-DMC) at www.iris.edu (last ac-
cessed September 2016), and the National Research Institute
for Earth Science and Disaster Prevention (NIED) at http://
www.fnet.bosai.go.jp (last accessed September 2016). The
source parameters for the three chemical explosions were
provided by X.-K. Zhang at the Geophysical Exploration
Center of China Earthquake Administration (GECCEA).
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