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Abstract In seismic nuclear monitoring, an accurate source depth is an important prerequisite for
reliably estimating the explosive yield. Relative location methods are often used for this purpose. However,
the conventional method based on regional Pn waves usually fails to give satisfactory constraints on the
source depth, mainly due to the strong trade-off between the burial depth and origin time. This study
explores a high-precision relative location method to simultaneously determine the relative epicenter

and source elevation by using differential traveltimes from both downward-takeoff Pn waves and
horizontal-takeoff Pg waves. The properties of both Pg and Pn waves, including the consistency between
waveforms, the reliability of differential traveltime measurements, and their sensitivities to epicenter and
depth variations, are investigated. By jointly applying both types of waveform data, the proposed method
significantly enhances the constraint on the source depth variation. This method is applied to regional
seismic data collected from China, South Korea, and Japan to determine the relative epicenters, origin
times and relative burial depths of six North Korean underground nuclear explosions. The source depths
are then used to provide burial-depth corrections to estimate the explosive yields. The depths of the six
North Korean nuclear explosions detonated on October 2006, May 2009, February 2013, January 2016,
September 2016, and September 2017 are determined to be 330, 540, 506, 468, 521, and 570 m, respectively,
and their yields after burial depth corrections are 1.6, 5.7, 13.4, 12.6, 21.7, and 225.7 kt, respectively.

Plain Language Summary For many years, the issue of nuclear testing has been a concern
throughout the international community. The 1996 Comprehensive Nuclear-Test-Ban Treaty stipulated
that radioactive, infrasound, seismic wave and underwater acoustic detection techniques can be used to
monitor nuclear testing. From October 9, 2006 to September 3, 2017, the Democratic People's Republic of
Korea conducted six underground nuclear tests whose locations, origin times and explosive yields have
been estimated by numerous studies. Among these parameters, the determination of the burial depth of
a nuclear test is always particularly difficult yet nevertheless crucial, being a prerequisite to reasonably
estimate the explosive yield. Seismological relative location methods determine locations of earthquakes
relative to a master reference event by comparing differences in seismic wave propagation times between
earthquakes to be determined and the master event. In a large number of previous studies, relative
location methods based on one kind of seismic wave often encounter difficulties to determine the burial
depth. Therefore, in this study, we explore a multiple seismic wave relocation method to simultaneously
determine the surface location and burial depth of underground nuclear explosions. Additionally, we re-
estimate the explosive yields of the North Korean nuclear tests by incorporating the refined burial depths.

1. Introduction

Since 2006, North Korea has conducted six underground nuclear tests. The United States Geological Survey
(USGS) reported body-wave magnitudes of 4.3, 4.7, 5.1, 5.1, 5.3, and 6.3 for the events on October 9, 2006,
May 25, 2009, February 12, 2013, January 6 and September 9, 2016, and September 3, 2017, respectively.
The six nuclear tests at the North Korea test site (NKTS) are hereafter referred to as NKT1, 2, 3, 4, 5, and 6
in chronological order. Many researchers have studied the epicenter locations, burial depths, origin times,
magnitudes, and yields of these six events; in particular, however, it is often difficult yet crucial to accurately
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estimate the burial depth as a result of the shallow burial, the lack of nearby stations, and the uncertainty
in the underground structure. Moreover, an accurate overburden thickness is a prerequisite for correctly
determining the explosion yield because of the strong trade-off between the yield and depth. For example,
in previous studies, by assuming normally scaled burial depths, the yields of NKT1-5 were estimated to be
0.5,2.4,7.5,4.0, and 6.0 kt based on Lg-wave magnitude-yield empirical relations (Bowers et al., 2001; Mur-
phy, 1996; Nuttli, 1986; Ringdal et al., 1992; Zhao et al., 2016, 2017). However, after implementing burial
depth corrections based on surface elevation differences, these yields were re-estimated to be 1.0, 6.0, 12.0,
9.0,16.0, and 72.0 kt (Xie & Zhao, 2018), significantly larger than those without considering the depth effect.
Pasyanos and Myers (2018) suggested that NKT6 had a maximum yield of 130-150 kt at a possible burial
depth of approximately 600 m. Voytan et al. (2019) estimated the yields of NKT1-6 to be 1.4, 5.0, 13.2, 11.2,
18.8, and 250.0 kt by giving burial depths based on a 4% tunnel slope assumption. Evidently, without reliable
burial depth data, the yield estimate could involve great uncertainties.

Various methods, such as the spectral ratio analysis method (Murphy et al., 2010, 2013), hydrodynamic cal-
culation method (Rougier et al., 2011) and regional waveform envelope method (Pasyanos & Ford, 2015;
Pasyanos & Myers, 2018; Pasyanos et al., 2012), have been explored by different authors to determine the
burial depth of an underground nuclear test. Interferometric synthetic aperture radar (InSAR) surface dis-
placement data obtained at the NKTS could also constrain the burial depths, epicenters and yields of these
six events (Wei, 2017; Myers et al., 2018; Sreejith et al., 2020; Wang et al., 2018). In addition, the burial depth
may be roughly estimated by the surface elevation difference between the associated tunnel entrance and
the epicenter (e.g., Tian et al., 2018; Voytan et al., 2019; Zhang & Wen, 2013). Relative location methods
have frequently been used to provide accurate epicenters relative to a reference event for a group of closely
distributed sources such as aftershock sequences or nuclear explosions. Accordingly, this approach has been
successfully applied to obtain the relative locations of the NKTS nuclear explosions (e.g., Gibbons et al., 2017;
He et al., 2018; Murphy et al., 2013; Schaff et al., 2018; Selby, 2010; Tian et al., 2018; Tibuleac et al., 2008; Wen
& Long, 2010; Zhang & Wen, 2013; Zhao et al., 2014, 2016, 2017). However, most of these relative location
methods do not provide satisfactory information on the burial depth due to the strong trade-off between the
burial depth and origin time (e.g., Waldhauser & Ellsworth, 2000; Zhao et al., 2014). The above disadvantage
results mainly from the fact that, traditionally, only Pn waves were used in relative locations at regional dis-
tances. However, if Pg waves can be combined with Pn waves, they can jointly provide a broad takeoff angle
coverage and better constrain the source location, including both the epicenter and the focal depth.

Multiple phases have been employed to constrain epicenters and source depths. In this context, Greens-
felder (1965) proposed a method to determine earthquake depths based on the difference between Pn and
Pg traveltimes recorded at the same station; this method was successfully applied to estimate the source
depths of earthquakes in Nevada. By using different combinations of Pg, Pn, and PmP arrival times, Wagner
et al. (2013) determined focal depths both from a synthetic data set and from the data of four real earth-
quakes in the northern Alpine foreland. More recently, a relative location method combining Pn and Pg
phases was successfully applied to the Jiuzhaigou earthquake in China to estimate the depth where the
rupture initiated (Wei et al., 2019).

In this study, we explored a high-precision relative location method to determine relative epicenters and rel-
ative burial depths using differential traveltimes (DTTs) from both Pn and Pg waves. With this method and
seismic data collected from the Global Seismic Network (GSN), China National Digital Seismic Network
(CNDSN) and Full-Range Seismograph Network (F-net), we investigated the epicenters, origin times and
burial depths of the six NKTS nuclear tests (Figure 1). Additionally, the yields of these six NKTS nuclear
explosions were re-estimated based on an empirical magnitude-yield relation (Bowers et al., 2001; Patton &
Taylor, 2011) for standard scaled burial depths plus corrections calculated using the source depths estimated
in this study.

2. Methodology for Determining 3-D Relative Locations

Precisely estimating the epicenter of an event requires a station distribution with good azimuthal coverage.
Similarly, to effectively constrain the source depth in the vertical direction, a good takeoff angle coverage
is needed. Traditionally, at regional distances, only Pn waves were used to determine relative locations,
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Figure 1. 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). The
inset map in the upper-right corner illustrates the locations of the six NKTS nuclear tests (red stars) reported by He et al. (2018).
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Figure 2. Sketch showing the radiation of Pg and Pn waves from a
shallow source. The shaded areas indicate the takeoff angle ranges for both
waves.

mainly because they are first arrivals and are thus less contaminated than
subsequent arrivals. However, the Pn wave has a takeoff angle, with all
rays from a source forming a conical surface with an opening angle that
is twice the P-wave critical angle at the Moho discontinuity. Figure 2 is
a sketch showing the radiation directions of the Pn and Pg waves from
a shallow source. Because all Pn rays radiate downward within a small
angular range, the Pn traveltimes are sensitive to the source depth. How-
ever, the generally downward radiation of Pn waves leads to a strong
trade-off between the origin time and source depth, making it difficult
to use Pn waves alone to determine the source depth, even when using
stations with good azimuthal coverage. In contrast, crustal Pg waves leave
the source at a nearly horizontal takeoff angle (Figure 2). Hence, while
Pg waves are weakly sensitive to the source depth (Campillo et al., 1984),
they provide good constraints on the epicenter and origin time if stations
with a good azimuthal coverage are available. Consequently, if Pg and Pn
waveform data can be combined, they can jointly provide a more com-
plete takeoff angle coverage and better constraints on the source location,
including both the epicenter and the focal depth.
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The propagation of a Pg wave is more complicated than that of a Pn wave. In the crust with a vertical ve-
locity gradient, Pg waves are considered to propagate along turning rays bouncing between the free surface
and their deepest turning points. On the other hand, according to coda wave theory (Sato & Fehler, 1998),
the early parts of Pg waves are mostly direct arrivals, while their later parts are composed of multiple scat-
tered waves; the real situation is likely between these two extremes. Low-frequency Pg energy propagates
along a stable turning raypath; then, with increasing frequency, these turning rays split, forming a more
complex and diversified ray system reverberating within the upper or even the entire crust. At even higher
frequencies, the Pg is dominated by scatterings caused by small-scale random heterogeneities in the crust.
Therefore, observed Pg waves usually have complicated takeoff angles, and their properties vary with both
the frequency and the group velocity.

For nuclear explosions whose burial depths are much smaller than the epicentral distance, it is reasonable
to consider low- to moderate-frequency Pg waves propagating nearly horizontally. Therefore, the Pg trav-
eltime is far less sensitive to the burial depth than the Pn traveltime but offers good constraints on the epi-
center and the origin time. On the other hand, the Pn traveltime is sensitive to the source depth but requires
additional information on the origin time to determine the burial depth. Both datasets are compensated and
relatively decoupled regarding the source depth. Therefore, it is expected that combining Pg and Pn wave-
form data can improve the takeoff angle coverage and significantly enhance the source depth constraint
(Wagner et al., 2013; Wei et al., 2019).

Before confidently using Pg wave traveltimes for relative location, we investigated the properties of these
waves. We first evaluated the correlations of Pg waveforms originating from closely located sources within
different frequency bands and group velocity windows. Figure 3a illustrates the cross-correlation results of
Pn and Pg waves between NKT4 and NKT5 recorded at station JL.CN2 (epicentral distance is approximately
408.3 km) within three frequency bands, 1.0-4.0, 2.0-5.0, and 3.0-6.0 Hz, where R and T are the cross-cor-
relation coefficients and DTTSs, respectively, of the Pn (red) and Pg (blue) waves. Due to the consistency
among the focal mechanisms and the closeness of the epicenters of the two explosions, the Pn and Pg wave-
forms both appear to be highly correlated. Compared with those of the Pn wave, the correlation coefficients
of the Pg wave are slightly lower and decrease with increasing frequency but still meet the quality require-
ments for measuring the DTT using cross-correlation. To balance both the waveform consistency and the
measurement accuracy, we employed the 2.0-5.0 Hz frequency band for all DTT measurements hereafter.

Theoretically, the DTT is dependent only on the relative locations of two sources, the leaving directions of
signals, and the near-source velocity. However, the complicated Pg wave takeoff angle may cause errors in
DTT measurements. Figure 3b illustrates the measured DTTs between NKT4 and NKTS5 recorded at select-
ed stations. They are calculated using cross-correlations in a 0.2-km/s-long group velocity window moving
from 6.3 to 5.4 km/s. The solid circles are at different group velocities with their color shades represent their
correlation coefficients, and the dashed lines indicate the DTTs calculated within a longer group velocity
window between 6.3 and 5.4 km/s. By investigating measurements at different group velocities, we see that
the DTTs at shorter epicentral distances and larger group velocities (earlier part) appear to be more consist-
ent, with circles close to the average values and have smaller rms values. The DTTs from later Pg tends to be
more scattered, which may be resulted from that the takeoff angles and wave paths of the later Pg are more
diversified. To reduce the fluctuations, we choose to use a group velocity window between 6.3 and 5.4 km/s
(the shaded area) to measure the DTT, which is equivalent to take the average of all circles.

To further investigate the sensitivity of Pn and Pg DTTs to the source depth and the feasibility of using them
for depth location, we selected two event pairs for statistical analysis with their results shown in Figure 3c.
DTTs of Pn and Pg waves can be expressed as

Ax

Atp, = — + AAh + 1, €))
VPn
and
Ax
A[Pg = E + BAh + [0, (2)

&
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Figure 3. Analyses of the Pg wave properties. (a) Cross-correlations of Pn (red) and Pg (blue) waves in different frequency bands. (b) Pg differential traveltime
(DTT)s between NKT4 and NKTS5 versus the group velocities at three stations. The solid circles are values at different group velocities, and the dashed lines
indicate the average DTTs calculated in the 6.3-5.4 km/s velocity window. (c) Pn DTTs versus the Pg DTTs corrected for the influence of the epicenter difference

term C = Ax / S for event pair NKT3 and NKT2 and event pair NKT5 and NKT2. The best fitting lines are labeled in the figure with an enlarged view

Vpn

Vpg

(inset) showing their interceptions.

where Ax is the distance difference between the two epicenters, and A and B are coefficients how the depth
difference affecting the DTTs. Subtracting Equation 2 from Equation 1 to eliminate the origin time 7, we
have

Aty, = (Atp, + C)+ (A~ B)Ah, 3)

where C = Ax / [L - LJ is the contribution from the epicenter difference. If Pg and Pn waves have sim-

Vpn VPg
ilar takeoff angles, A approaches to B. The difference (A — B) is nearly zero and the Atp, versus (Atpg + C)
is a linear equation passing through the origin. In Figure 3c, the lines fitted by real data show apparent
interceptions, which provide constrains on relative elevation between two sources. The depth term corre-
sponding to the intercept between NKT3 and NKT2 is approximately 51% of the epicentral term, which is
unlikely a trivial value caused by errors.
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The above analyses reveal that the Pg waves from two close shallow explosion sources are highly correlated
even with the complex propagation mechanism. Their DTTs can be properly measured using the cross-cor-
relation method. Combining both Pn and Pg data can provide constrain on the relative source depth.

Based on the above analysis and previous studies (e.g., Gibbons et al., 2017; He et al., 2018; Murphy
et al., 2013; Myers et al., 2018; Schaff et al., 2018; Selby, 2010; Tian et al., 2018; Tibuleac et al., 2008; Wen &
Long, 2010; Zhang & Wen, 2013; Zhao et al., 2014, 2016, 2017), we constructed a relative location system
based on the DTTs from both Pg and Pn waves

As =d, 4)

T T T .
where § = (x,y,to,h) = (sl,h) ;8 = (x,y,to) ; X, ¥, Ly, and h are vectors composed of the longitudes, lat-
itudes, origin times and depths, respectively, of a group of seismic events to be determined, and the super-

T
script T denotes the transpose. d = (ATPg,ATP,,) is a vector composed of the observed DTTs ATp, and AT,

of Pg and Pn waves, respectively. The matrix

ap, Aap, 1,
A= |: Pg.§ P5,1:| (5)

aPn,S aPn,h

is composed of coefficients reflecting how the Pg and Pn DTTs depend on the source locations, origin times,
and local velocities (Waldhauser & Ellsworth, 2000). Combining these terms together, we have

Apgs  @pgp || S1| ATPg ©)
Apns  Apyy || B ATy, |
In general, the Pg and Pn DTTs have different numbers of data points and measurement qualities, and these
differences may affect the relative locations in different ways. Certain weights can be applied to the system:

wAs = wd, @)

elp, 0
"Tloo (1=,

is the weighting matrix, e is the weighting function, and I, and I, are unit matrixes having the same size
as the Pg and Pn data vectors, respectively. Equations 6 and 7 provide a joint inversion system to constrain

where

T
the relative locations s = (x, Y, to,h) with both Pg and Pn data.

As mentioned earlier, if assuming the Pg waves are radiated nearly horizontally, the source depth 4 will be
independent of the Pg DTT; thus, @p, , = 0. Under this approximation, we can decouple Equation 3 into a
two-step format

an,SSI = ATPg (8)

and

aPn,hh = (ATPn - aPn,sslpg)' (9)

We first use the Pg data to solve Equation 8 to obtain the epicenter and origin time s; . Then, the result
is substituted into Equation 9 to determine the source depth 4. To solve the joint inversion system in
Equation 6 or the two-step system composed of Equations 8 and 9, the simulated annealing method (Kirk-
patrick et al., 1983) is used to minimize the L2 norm between the synthetic and observed DTTs. The two
objective functions for the Pg and Pn data are as follows:
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OPg(x7y’t0) = m E} /El IE[AIPg,j,jJrk + AL g ATPg,j,j+k:| ) (10)
and
1 MmN 0 h i )"
Op, (x,y,h,to) = m = Z] Zi[AtPn,j,ﬁ—k AL o+ AL g - ATPn,j,j+k:| (1
e

where At}}n, .k and Atf,g,_,-, j+« are the synthetic DTTs of Pn and Pg waves, respectively, between events j and
J + k at station j; At_(,-)’j .+ denotes the difference in the origin times; ATlil,,, J.j+k and Angv j,j+k are the observed
DTTs of Pn and Pg waves, respectively, between events j and j + k at station j; M and N are the numbers
of events and stations, respectively; and At;{ j+k represents the synthetic DTTs caused by the burial depth
difference Ah; ;.

1 tani
At§1,j+k =Ah; ;o (—7. + —Ij (12)
COSijUp, Upy

where i, is the takeoff angle of Pn waves, Up; is the near-surface P-wave velocity at the NKTS, and Up, is the
upper mantle P-wave velocity.

According to the inversion of Pg and Pn data from the NKTS, both the joint inversion and the two-step
inversion yield very similar results, indicating that the Pg data are largely independent of the source depth.

3. High-Precision Relative Locations

In this section, we invert for the relative epicenters, origin times and relative burial depths of the six NKTS
nuclear tests.

3.1. Regional Data and Waveform Cross-Correlation

We established a regional seismic network by incorporating 249 stations deployed across China, South Ko-
rea and Japan. From these stations, we manually selected high-quality Pn and Pg vertical component wave-
form data. We first removed the instrument responses from the data and bandpass-filtered them between
2.0 and 5.0 Hz. The Pn and Pg waveforms were used to calculate the DTTs between events through a wave-
form cross-correlation technique (Schaff et al., 2018; Schaff & Richards, 2004), where the time window of
the Pn phase is 6 s and the Pg group velocity window is 6.3-5.4 km/s. A total of 945 high-quality Pn wave
DTTs (Table S1) and 826 Pg wave DTTs (Table S2) were manually screened. Due to its small magnitude,
unique near-source structure and larger distances to other events, NKT1 did not have sufficient amount
of high-quality DTTs. Therefore, NKT1 did not participate in the inversion. Instead, we used NKT2 as the
master event based on the following considerations. First, the NKT2 appears directly associated with the
western tunnel entrance, providing a clue on its possible depth and its epicenter is strongly constrained by
NKT1 according to He et al. (2018). Second, the location of the NKT2 is close to the geometrical center of
all six events, making its waveforms better correlated with those from other events. On the other hand, asa
small explosion, the NKT1 tends to produce localized surface damage above the source, making its absolute
epicenter can be obtained, even did not being included in the inversion. Therefore, it is a better choice using
the NKT2 as the master event. Taking stations MDJ and BEP (with epicentral distances of 372 and 701 km,
respectively) as examples, Figure 4 shows the cross-correlation results for the six nuclear tests, where R and
T are the cross-correlation coefficients and DTTs, respectively, of the Pn (red) and Pg (blue) waves. Due to
their highly consistent focal mechanisms, very closed epicenters and nearly identical propagation paths,
the waveforms from the last five events are highly correlated. However, their correlations with NKT1 are
slightly lower because of larger distances.
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Figure 4. Vertical component waveform cross-correlation results of the Pn and Pg waves at stations MDJ and BEP.

These waveforms were bandpass-filtered between 2.0 and 5.0 Hz. The epicentral distances to stations MDJ and BEP are
approximately 372 and 701 km, respectively. The names of the events, cross-correlation coefficients (R) and differential
traveltimes (T) of the Pn (red) and Pg (blue) waves are listed above the waveforms.
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Figure 5. Map showing the topography and relocated epicenters of the North Korea test site (NKTS) nuclear explosions (solid blue circles) relative to the
master event NKT2 (red solid circle). Due to the lack of Pg data, NKT1 was not included in the inversion. The yellow and white solid circles represent the
epicenters provided by He et al. (2018) and the North Korean military (picked from the inset photo at the upper right), with the numbers in these circles
indicating their chronological order. The numbered white triangles represent the absolute epicenters of NKT4 and NKT6 obtained from InSAR data (Wei, 2017;
Myers et al., 2018; Sreejith et al., 2020; Wang et al., 2018). Two possible tunnel entrances are located south of the NKTS. The red dashed line illustrates the
manually chosen path through the six nuclear tests to exhibit their relative depths (Figure 6). The relocation errors are shown in the inset map at the bottom

left.

3.2. Simulated Annealing Inversion

‘We chose NKT2 located at (41.2952°N, 129.0778°E) (He et al., 2018) as the master event to determine the rel-
ative epicenters, relative burial depths and origin times of the last four underground nuclear tests using the
relative location method described in the last section. The Pn-wave velocity in the upper mantle was fixed at
8.0 km/s (Zhao et al., 2016), and the near-surface P-wave velocity at the NKTS was estimated to be 5.2 km/s
according to the Korean seismic model in the neighboring area (Bonner et al., 2008; Herrmann et al., 2005).
This velocity was used to convert the inverted time variables into interevent distances. As mentioned in
the Methodology section, we separated the location procedure into two steps. In the first step, we applied
simulated annealing to minimize the objective function Equation 8 composed of the Pg data. A large search
range was used to guarantee convergence to the global minimum: the epicenters were limited to an area
of 40 x 40 km?, and the search range of the origin time was +20 s. The inverted epicenters and origin times
of NKT3-6 are shown in Figure 5 and listed in Table 1. As illustrated in Figure 5, NKT1 was detonated at
the southeast end of the NKTS and at a low elevation (Wen & Long, 2010), while NKT3-6 were relocated to
the west and on the southwest slope of Mount Mantap at relatively high elevations, in agreement with the
findings of previous studies (e.g., Gibbons et al., 2017; He et al., 2018; Myers et al., 2018). The epicenters of
NKT2, NKT3, and NKT5 were approximately 2.7 km northwest of NKT1, while those of NKT4 and NKT6
were relocated 700 m northwest of NKT2.

With the epicenters and origin times determined by the Pg data, the second step utilizes the Pn data to
constrain the relative burial depths. To provide reference burial depths for NKT1 and NKT2, we assumed
that the tunnel is straight and has a slope of approximately 4% to ensure drainage (Sinha, 1991). This slope
value has been adopted in other studies (e.g., Wei, 2017; Pasyanos & Myers, 2018; Voytan et al., 2019). The
west and east tunnel entrances estimated by satellite photos were found at (41.2826°N, 129.0874°E) and
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Table 1
Best-Fit Epicenter Locations and Origin Times of the North Korean Nuclear Tests
Event Date Origin time Standard Latitude Longitude Relative location
code (yyyy/mm/dd) (hh/mm/ss) deviation (s) (°N) (°E) uncertainty® (m)
NKT1* 2006/10/09 01:35:28.0000° — 41.2874° 129.1083¢ —
NKT2 2009/05/25 00:54:43.1409° Master event 41.2952¢ 129.0778° Master event
NKT3 2013/02/12 02:57:51.2832 0.0043 41.2931 129.0745 89
NKT4 2016/01/06 01:30:00.8695 0.0048 41.2994 129.0721 83
NKT5 2016/09/09 00:30:01.3816 0.0047 41.2973 129.0809 84
NKT6 2017/09/03 03:30:01.6188 0.0057 41.3013 129.0741 98

*NKT1, the first North Korean nuclear test. "from the USGS. “from satellite images (Wen & Long, 2010; Zhao et al., 2014).
4from relative location (He et al., 2018). °the major axis of error ellipse of epicenters calculated by randomly selecting
80% of the data in each inversion (Efron, 1983).

(41.2796°N, 129.0984°E) with elevations of 1,430 m and 1,340 m, respectively (Figure 5). Therefore, we fixed
the burial depths of NKT1 and NKT2 at 330 and 540 m, respectively, and chose 1,498 m (NKT2) above sea
level as the reference plane. The search range for the relative elevation was *1 km, and the burial depths
were obtained by considering the surface elevation. The convergence during the simulated annealing in-
version is illustrated in Figure 6a. With the elevation of the master event, NKT2 (1,498 m), and the inverted
relative elevations, the elevations of NKT3, NKT4, NKT5, and NKT6 were obtained as 1418 + 43,1639 + 48,
1653 + 47, and 1604 + 57 m> respectively. The root mean square (rms) residual will decrease in a straight line
(Figure 6a) when one of the relative elevations converges to the optimum and the iteration continues, which
can clearly indicate an optimal solution. The relative burial depths of the NKTS nuclear tests were comput-
ed as 330, 540 (master event), 506, 468, 521, and 570 m (Table 2). To demonstrate the relationship among
the relative burial depths, we projected the source depths and topography onto a profile passing through all
six events (zigzagging dashed line in Figure 5), as shown in Figure 6b.

It should be noted that the above results were obtained using a two-step inversion. To validate this approach,
we also conducted a one-step joint inversion, and the two sets of results are compared in Table S3. The rel-
ative epicenters and elevations from the joint inversion were slightly changed compared to those from the
two-step inversion. The joint inversion can simultaneously optimize both objective functions (7) and (8),
resulting in smaller standard deviations than those obtained by the two-step method. However, the two-step
inversion can avoid a potential trade-off between the depth and origin time. Since the two sets of results are
very close, only the two-step results were used in the following yield estimations.

4. Magnitude and Yield Estimates

As one of the basic parameters for a seismic event, the magnitude is generally used to estimate the explosive
yield. For a small event such as nuclear explosions at the NKTS, it is easier to obtain high signal-to-noise
ratio (SNR) data from regional networks and then calculate the Lg-wave magnitude m;, (Lg) than it is to
calculate the teleseismic data-based body-wave magnitude m, (P) The empirical m, (Lg)—yield equation by
Nuttli (Nuttli, 1973, 1986) is expressed as

m,(Lg) = 5.0+ log,o[ A(10) / C], (13)

where A(10) and C are the Lg-wave amplitudes generated by the event under investigation and a m;, =5
event at a reference epicentral distance of 10 km. Using World-wide Standardized Seismograph Network
(WWSSN) short-period vertical component seismograms, Nuttli (1986, 1973) obtained C = 110 um for the
central United States based on the third peak method, while Patton and Schlittenhardt (2005) obtained
C =90 um in the same region using the rms amplitude. Through statistical calibration in a given area, the
regional magnitude m, (Lg ), body-wave magnitude m;, (P ) and local magnitude M (P ) can be mutually con-
verted. In a series of articles, the Lg-wave magnitudes m, (Lg)for NKT1-6 were calculated as 3.93, 4.53, 4.91,
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Figure 6. The burial depths along a zigzag profile (dashed line in Figure 5). (a) Convergence of the root mean square (rms) residuals of the relative elevations
during the inversion. The relative elevations of NKT3, NKT4, NKT5, and NKT6 rapidly converged to 1418 + 43,1639 + 48, 1653 + 47 and 1604 + 57 m»
respectively, with respect to the master event, NKT2 (1,498 m). Dashed lines with decreasing residuals are shown when a relative elevation converges. (b) Burial
depths of the North Korean nuclear tests. The burial depths of NKT1 (330 m) and NKT2 (540 m) were estimated by assuming the elevations of the tunnel
entrances, and that of NKT2 was used as the reference depth. The burial depths of NKT3-6 were obtained from the inverted relative elevations, topography and
elevation of the master event.

4.67, 4.82, and 5.56 (Xie & Zhao, 2018) using Lg-wave data, broadband Lg-wave attenuation models (Zhao
et al., 2010, 2013), and Lg-wave geometric spreading (Yang, 2002). Table 2 lists the regional Lg-wave mag-
nitudes and the teleseismic body-wave magnitudes of the six NKTS explosions given by the USGS National
Earthquake Information Center (NEIC) and the Comprehensive Test Ban Treaty Organization (CTBTO).

Several existing empirical magnitude-yield relations may be used to estimate the yields of underground nu-
clear explosions from their body-wave magnitudes (Bowers et al., 2001; Murphy, 1996; Nuttli, 1986; Ringdal
et al.,, 1992; Zhang & Wen, 2013; Zhao et al., 2008, 2012) or surface wave magnitudes (e.g., Patton, 2016;
Stevens & Murphy, 2001). Since the NKTS is an uncalibrated site, we need to estimate the yields of the
NKTS tests based on empirical equations from other test sites; among these equations, the empirical mag-
nitude-yield relations from the Nevada test site (Nuttli, 1986), East Kazakhstan (Murphy, 1996; Ringdal
et al., 1992) and Novaya Zemlya (Bowers et al., 2001) are shown in Figure 7a, where the solid lines show the
parts supported by the observed data and the dashed lines are extrapolations toward smaller magnitudes.

The NKTS at Punggye-ri is located on Mount Mantap, which is characterized by Mesozoic or Jurassic granit-
ic basement rock overlain by a basalt cap (Coblentz & Pabian, 2015). Lg-wave attenuation tomography
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;‘;‘sl;-l;ifBurial Depths and Estimated Yields for the North Korean Nuclear Tests
Date Elevation® Buria]lJ o : s a1 4e f : g :

evation® depth Standard deviation of relative Yield m, (P) Yield m, (P) Yield
Event code Gyyy/mm/dd) (m) elevation (m) m,(Lg)'  (kt)  (CTBTO) (k) (NEIC) (kt)
NKT1 2006/10/09 1390° 330 = 3.93 1.0 4.1 1.6 4.3 RS
NKT2 2009/05/25 1498° 540 Master event 4.53 6.1 4.5 5.7 4.7 9.0
NKT3 2013/02/12 1,418 506 43 491 13.7 4.9 134 5.1 21.6
NKT4 2016/01/06 1,639 468 48 4.67 7.5 4.9 12.6 5.1 19.8
NKT5 2016/09/09 1,653 521 47 4.82 11.5 5.1 21.7 5.3 34.2
NKT6 2017/09/03 1,604 570 57 5.56 66.1 6.1 225.7 6.3 353.2
Chemical Explosion 1" 1998/08/12 — 7 — 1.94 1.5 (ton) — — — —
Chemical Explosion 2" 1998/08/18 — 11 — 2.17 1.8 (ton) — — — —
Chemical Explosion 3" 1998/08/19 = 29 = 2.03 1.45 (ton) = = = =

*the elevations extended from the master event using the relative location results. "the burial depths of nuclear tests considering surface elevation differences
from the master event (the surface elevations of NKT1-6 are successively 1,720, 2,038, 1,924, 2,107, 2,174, and 2,174 m). ‘the elevations of NKT1 and NKT2 are
based on the elevation differences between the explosion cavities and associated tunnel entrances by assuming a 4% tunnel slope. “from Xie and Zhao (2018).
°the yields of NKT1-6 adjusted by burial depths based on the empirical formula of Bowers et al. (2001). ffrom the Comprehensive Test Ban Treaty Organization
(CTBTO). &from the USGS National Earthquake Information Center (NEIC). "the source parameters of three chemical explosions provided by the Geophysical
Exploration Center of the China Earthquake Administration (GECCEA).

(Zhao et al., 2013) revealed that the crust in North Korea has a significantly high Q value, which suggests
that the NKTS is in a stable region with a relatively hard crust. This is clearly different from the situation at
the American Nevada test site, which is characterized by relatively weak tuff and rhyolite. Therefore, com-
pared with the empirical equation by Nuttli (1986) based on data from the Nevada test site, the empirical
formula of Bowers et al. (2001) based on data from a region with a stable shield structure should be more

suitable for the NKTS:
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Figure 7. Yield estimates based on empirical magnitude-yield relations. (a) Three magnitude-yield empirical relations at the Nevada test site (Nuttli, 1986),
East Kazakhstan (Murphy, 1996; Ringdal et al., 1992) and Novaya Zemlya (Bowers et al., 2001). The solid lines show the parts supported by data, and the dashed
lines are extrapolations to smaller magnitudes. By assuming normally scaled burial depths, the yields of NKT1-6 estimated using the empirical equation of
Bowers et al. (2001) are illustrated. The red solid circles represent three small chemical explosions with known source parameters. (b) Yield estimates for NKT1-
6 without (open stars) and with (red stars) burial depth corrections. The normally scaled depth & = 120" and another overburied scaled depth i = 2307" are
included for reference.
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my, = 4.25 + plogY, (14)

where 7, is the body-wave magnitude, Y is the yield in kt, and 8 is 0.75 for Y > 1 kt and 1.0 for ¥ <1 kt.
In addition, the magnitudes and yields of three chemical explosions (red solid circles in Figure 7a) with
known source parameters (listed in Table 2) provided by the Geophysical Exploration Center of the China
Earthquake Administration (GECCEA) are close to those from the empirical formula of Bowers et al. (2001)
at the low-magnitude end. Implicitly, this empirical relation is intended for fully coupled explosions at
normally scaled burial depths (7 = 120Y'"3). Therefore, to extend the above empirical relation to events that
deviate from a normally scaled burial depth, Patton and Taylor (2011) proposed a depth correction term:

07875 - log[h / (IZOY'B)}, (15)

where £ is the burial depth (m).

We used the magnitude-yield Equation 14, the depth correction (Equation 15), and the burial depths ob-
tained in this study to estimate the yields of the six NKTS nuclear explosions from body-wave magnitudes
my, including the regional magnitude m, (Lg) calculated using Equation 13 and the teleseismic P-wave
magnitude m,, (P) from the CTBTO and USGS. The yields with depth corrections are listed in Table 2. The
m, (P) values of the six NKTS explosions provided by the USGS and CTBTO are systematically higher than
the m,,(Lg) values from this study; this deviation between m,,(P) and m,,(Lg) may be because the former
was measured from P waves while the latter was measured from S waves, and the P/S amplitude ratio varies
with the source type (earthquake vs. explosion), frequency, and magnitude (Ma et al., 2021). This is also part
of the reason why P/S spectral ratios can be leveraged to distinguish explosions and earthquakes (e.g., Taylor
et al., 1989; Zhao et al., 2014). Consequently, the yields calculated by m;, (Lg) may be underestimated. Fig-
ure 7b illustrates the changes in the yields estimated from the CTBTO m,, (P) before (open stars) and after
(red stars) applying the depth correction. These results demonstrate that the NKT1-5 were likely overburied
and close to a scaled depth of = 230Y"%, although NKT6 was close to the normally scaled depth.

5. Discussion
5.1. Accuracy and Robustness of the Proposed Relocation Method

The obtained relative epicenters using both Pg and Pn data are consistent with those of previous studies
using Pn or teleseismic P waves (e.g., Gibbons et al., 2017; He et al., 2018; Wei, 2017; Myers et al., 2018).
Compared with the epicenters reported by He et al. (2018) using Pn waveform data, our epicenters of NKT4
and NKT6 are shifted approximately 200 and 350 m toward the east, which are closer to the absolute epi-
centers obtained from surface damage (Figure 5), and there are minor changes in the relative epicenters of
NKT3 and NKTS5. These deviations may be attributed to the burial depths or uncertainties in the Pn and Pg
velocities. Comparing the NKTS epicenters announced by the North Korean military with those obtained
by us and by He et al. (2018) (Figure 5) reveals that the locations obtained in this study are closer to those
from the North Korean military, and the differences can be attributed largely to the location of the master
event. In contrast, the epicenters obtained by previous seismic methods or InSAR data are all shifted to the
west slope of Mount Mantap (Gibbons et al., 2017; He et al., 2018; Wei, 2017; Myers et al., 2018; Sreejith
et al., 2020). The results using the military location of NKT2 as the master event are shown in Figure 8f,
indicating that the two groups of epicenters are highly consistent.

In traditional depth location methods, the traveltime-determined focal depth is accurate only when the
epicentral distance is less than 1.4 times the focal depth (Mori, 1991). For sources with very shallow depths,
such as the North Korean nuclear explosions, the traveltimes are generally considered to provide a poor
constraint on the burial depth (Pasyanos & Myers, 2018). Therefore, the depth phases such as the pP waves
were often used to provide additional constraints, either explicitly or implicitly. Murphy et al. (2013) used
the teleseismic P-wave spectral ratio method to estimate the optimal depths of NKT1 and NKT2 as 200 and
550 m, respectively, and used the depths with minimum traveltime residuals as independent evidence to
support their results. Rougier et al. (2011) inverted a minimum depth of 375 m for NKT2 by using the hydro-
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Figure 8. Relative epicenters and elevations of NKT1-6 obtained using different master events. (a) Relative epicenters (blue solid circles) and elevations using
NKT2 as the master event. (b-e) Relative epicenters (red solid circles) and elevations if using the epicenters of NKT3, NKT4, NKT5, or NKT6 reported by He
et al. (2018) as the master event (marked with crosses). The elevation differences relative to different master events (0 m) are displayed in the inset figures. (f)
Relative epicenters (red solid circles) and elevations using the military-provided NKT2 epicenter as the master event, with other epicenters from the military
shown in white solid circles for comparison.

dynamic calculation method. Some previous estimates of the burial depths of the six underground nuclear
tests are listed in Table 3. One common feature among these methods is that the yield and burial depth are
inverted simultaneously. Although these techniques can limit the fitting errors to an acceptable level, the
result may deviate from the actual depth if the trade-off between the yield and burial depth is not complete-
ly resolved (Koper et al., 2008). Using the regional envelope method based on the preferred Walter-Ford
explosion source model, Pasyanos and Myers (2018) estimated that the burial depths and yields of NKT1-6
were 421 m/1.7 kt, 447 m/8.0 kt, 390 m/16.0 kt, 592 m/13.5 kt, 568 m/41.0 kt, and 636 m/149.0 kt. In their
study, in addition to the seismic data, the burial depths were further constrained by the locations of tunnel
entrances, tunnel slopes and local topographies near the explosion cavities (Pasyanos & Myers, 2018). More
recently, Voytan et al. (2019) used high-frequency teleseismic P-wave amplitude modeling and waveform
equalization to estimate the yields of the six NKTS tests; the resulting burial depths were specified as 430,
600, 430, 710, 710, and 710 m in chronological order based on the assumption of a 4% tunnel slope to meet
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gzlr)nl;asrison of the Burial Depths (m) of the North Korean Nuclear Tests From Different Studies
2006/10/09 2009/05/25 2013/02/12 2016/01/06 2016/09/09 2017/09/03 Data type References
200 550 Pn spectral ratio Murphy et al. ( 2010)
375 Hydrodynamic calculation Rougier et al. (2011)
610 430 Tunnel entrance/site elev. Zhang & Wen (2013)
420-700 Surface damage from InSAR Wei (2017)
760 Tunnel entrance/site elev. Tian et al. (2018)
450 + 100 Surface damage from InSAR Wang et al. (2018)
760 Surface damage from InSAR Myers et al. (2018)
421 447 390 592 568 636 Wave envelope/W-F source Pasyanos & Myers (2018)
430 600 430 710 710 710 Tunnel entrance/site elev. Voytan et al. (2019)
542 + 30 Surface damage from InSAR Sreejith et al. (2020)
330 540 506 468 521 570 Pn and Pg waveforms This study

Abbreviation: InSAR, interferometric synthetic aperture radar.

drainage requirements (Sinha, 1991). Similar estimates of burial depths were also used in other studies
(Tian et al., 2018; Zhang & Wen, 2013). However, these burial depth estimates are based largely on epicenter
locations and assumptions regarding the tunnel geometry. Another non-seismic information, satellite imag-
es of the surface displacements caused by relatively shallow explosions can provide independent evidence
for epicenter and burial depth (Schlittenhardt et al., 2010; Sreejith et al., 2020; Wang et al., 2018) but are
less sensitive for overburied events. Although the burial depths in this study are still affected by the surface
elevations above the sources and the elevation of the master event, the relative elevations of these events
are determined solely based on seismic data by combining both Pn and Pg phases. The burial depths of
NKT1-6 are all within the 300-600 m range, which are consistent with the depths reported in previous stud-
ies (Wei, 2017; Murphy et al., 2010; Pasyanos & Myers, 2018; Rougier et al., 2011; Sreejith et al., 2020; Tian
et al., 2018; Wang et al., 2018; Zhang & Wen, 2013). The Pn and Pg phases can be easily identified and readily
available in regional seismic data, making this method very attractive for quickly locating the epicenter and
depth of a potential nuclear test at a known test site.

To illustrate the accuracy and robustness of the proposed depth location method, we investigated the influ-
ence of using different master events in the two-step inversion. In this study, NKT2 was used as the master
event. We tested utilizing the NKT3, NKT4, NKT5, and NKT6 reported by He et al. (2018), as well as that
of NKT2 provided by the North Korean military, as the master events, and the resulting epicenters and ele-
vation differences are shown in Figure 8. The absolute epicenters of NKT2-6 changed with the changing of
the master event, but the relative elevations remained almost unchanged because of the consistent relative
epicenter locations.

In addition, we also tested the impacts of different velocity models on the relative epicenters and elevations.
As an example, we used the IASP91 Reference Earth Model (Kennett et al., 1995) and NKT2 as the master
event to determine the relative locations, and the results are illustrated in Figure 9. In this example, the
relative epicenters are slightly changed, and the relative elevations are changed by only 20-40 m, which
is because IASP91 has a slightly higher (5.8 km/s) near-surface P-wave velocity than the Korean velocity
model (Bonner et al., 2008; Herrmann et al., 2005) used here. In summary, the current method is robust for
using different master events or velocity models.

5.2. Uncertainties in the Relative Epicenter, Burial Depth, and Yield Estimates

Tables 1 and 2 list the uncertainties in the relative epicenters and standard deviations of the relative ele-
vations calculated by randomly selecting 80% of the data in each inversion (Efron, 1983), which indicate
that the uncertainties of relative locations based on the proposed method and used regional data set are
very small. However, the inversion process is based on simple approximations such as the locally flat Moho
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Figure 9. Similar to Figure 8a except the crust and upper mantle velocities are from the IASP91 Reference Earth
Model.

discontinuity and topography, and simple near source velocity model, and so on, while the anisotropic prop-
erty of sources, complexity of the Pg waves (scattering from both the free surface and local heterogeneities,
multi-pathing), coupled sensitivities of Pg and Pn waves to depth and epicenters, can all add errors to the
results. Furthermore, as already discussed above, to convert the relative epicenters and source elevations
to the absolute epicenters and burial depths, additional factors, such as the location of the master event,
the local 3D velocity and topography are all involved. Without the ground truth information, the actual un-
certainties of the epicenters and focal depth are difficult to quantify. Therefore, we should understand the
actual uncertainties could be well larger than the nominal uncertainties of relative location.

In this study, we re-estimated the yields of NKT1-6 by first using an empirical yield-magnitude relation
(Bowers et al., 2001; Patton & Taylor, 2011) to obtain their yields assuming normally scaled depths, followed
by a depth correction using the equation by Patton and Taylor (2011). Based on the CTBTO body wave mag-
nitudes m;, (P) and the relocated depths from this study, the re-estimated yields in Table 2 are consistent
with those reported in previous studies (e.g., Sreejith et al., 2020; Voytan et al., 2019). In using the depth cor-
rection Equation 15, a 100-m uncertainty in the absolute depth, can cause a variation of approximately 13%
—-24% in the NKT yield estimate. However, determining the yield of a nuclear test at an uncalibrated test site
is still a challenge. The body-wave magnitude m, (P) is the basic parameter in estimating the explosive yield,
but the teleseismic P-wave signals produced by small North Korean nuclear tests and recorded at global net-
works are of relatively poor quality, which may greatly increase the uncertainties in the yield estimates. On
the other hand, using the body wave magnitude based on the regional Lg-wave, although with a high SNR,
often underestimates the yields of nuclear explosions. We must consider whether it is appropriate to apply
an empirical relation based on one test site to other, as-of-yet uncalibrated sites or whether it is feasible to
extend an empirical equation calibrated with larger-yield events to smaller-yield events. Hence, it will be
difficult to solve without the ground true information.

5.3. Possible Burial Methods

To determine the burial depths of NKT1 and NKT2, we assumed that the tunnel entrances are connected
to the explosions by straight tunnels with a 4% slope. However, from an engineering perspective, tunnels
are likely to be designed according to older design schemes from Pakistan or the United States, namely, as
a longer zigzag tunnel and a fish hook-shaped tunnel near the explosion cavity to assist with “self-sealing”
after detonation. The possible burial methods and three-dimensional models of tunnels for the NKTS tests
are shown in Figure 10. NKT1 and NKT2 are connected to the east entrance and west entrance, respective-
ly, by two long zigzag tunnels. The east tunnel was obviously abandoned after NKT1 in 2006, whereas the
tunnel connected to NKT2 was used many times in subsequent nuclear tests (Figure 10a). Downward and
upward shafts near NKT3 and NKT4-6, respectively, are relatively acceptable for satisfying the different
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Figure 10. Possible burial methods of the North Korean nuclear tests. (a-d) Panoramic, front, lateral and vertical views of the possible burial methods of the
North Korean nuclear tests. NKT1 and NKT?2 are connected to the east entrance and west entrance, respectively, by zigzag tunnels with a 4% slope to meet the
drainage requirements (Sinha, 1991), and there are some fish hook-shaped tunnels near the explosion cavities to assist with “self-sealing” after detonation.
There may be a downward shaft in the tunnel connected to NKT3, and a model with a common upward shaft near the explosion cavities is more acceptable for

the last three NKTS nuclear tests.

relative elevation requirements speculated in this study (Figures 10b and 10c) and are likely to prevent re-
peated contamination by radionuclides. Interestingly, NKT1-3 have similar elevations, and the elevations of
the three recent nuclear experiments are also very close, indicating that they likely shared a common tunnel
shaft. Similar burial methods for NKT4-6 coincidentally correspond well with the origin times, which may
indicate that the three consecutive nuclear experiments between January 2016 and September 2017 were
carried out at virtually identical elevations to accelerate the nuclear experiments and reduce development
costs. However, these tunnel models are only rough estimates based on the locations of the nuclear tests
and tunnel entrances, and many speculations about the construction of these tunnels need further proof.

6. Conclusions

A high-precision relative location method based on Pn and Pg phases was proposed to relocate epicenters
and focal depths of a group of adjacent seismic events such as the North Korean nuclear tests. The Pn
and Pg signals have quite different takeoff angles. Combining both phases together can reasonably bal-
ance the trade-off between the burial depth and origin time. The North Korean nuclear tests produced
abundant regional waveforms. Due to their very closed source locations and nearly identical mechanisms,
these waveforms have excellent cross-correlations with each other when recorded at the same station. The
resulted DTTs provided highly accurate relative epicenters and relative depths. Our estimated burial depths
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for the six North Korean nuclear tests are in the range of 300-600 m and these depths can further improve
the yield estimates. Based on a relocated burial depth of 570 m, the yield for the largest nuclear explosion at
the NKTS is approximately 225.7 kt after the depth correction. Due to very closed source locations, highly
consistent source mechanisms and a large high quality broadband regional seismic data set, the relative
relocation procedural has very small uncertainties, although the actual uncertainties of absolute locations
could be larger owing to many other factors such as the information of the master event.
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where some photos were obtained from the National Nuclear Security Administration (https://www.energy.
gov/nnsa/national-nuclear-security-administration). Certain figures were generated using Generic Map-
ping Tools (GMT; Wessel & Smith, 1998).
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