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ABSTRACT

Examination of regional distance seismic data from historic nu-
clear test sites has led to a variety of very effective discriminants
between explosions, earthquakes, and collapses. We focus on the
body-wave methods. We show that ratios between P- and S-
wave amplitudes (/S ratios) above about ~2 Hz very effectively
separate the six Democratic People’s Republic of Korea (DPRK)
declared nuclear tests between 2006 and 2017 from natural
carthquakes in the region. Similarly, P/S ratios separate historic
Nevada Test Site (NTS) nuclear explosions from western U.S.
earthquakes. We show that combining P/ ratios with ratios of
low-frequency to high-frequency S-wave amplitudes can effec-
tively separate postexplosion collapse events, such as the 1982
NTS Atrisco collapse, and the apparent collapse that followed
about eight and a half minutes after the 3 September 2017
DPRK explosion. Explosions often produce fewer and smaller
aftershocks than comparably sized carthquakes, which has been
proposed as a potential discriminant. We apply the body-wave
techniques to the recent seismicity following the largest DPRK
event, after first using correlation methods to build a more com-
plete catalog of these events. Despite the empirical effectiveness
of the regional body-wave discriminants, the physical basis for
the generation of explosion S waves, and therefore the predict-
ability of P/S and low/high frequency techniques, as a function
of path, frequency, and event properties such as size, depth, and
geology, remains incompletely understood. A goal of current
research, such as the Source Physics Experiments (SPE), is to
improve our physical understanding of the mechanisms of
explosion S-wave generation and advance our ability to numeri-

cally model and predict them.

INTRODUCTION

The recent magnitude 6.1 (International Data Center [IDC]'
my,) declared underground nuclear test by the Democratic

"The International Data Center (IDC) is a component of the Prepara-
tory Commission for the Comprehensive Nuclear Test Ban Treaty
Organization.
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People’s Republic of Korea (DPRK) is the largest in more than
20 years, following the cessation of nuclear testing by signato-
ries of the Comprehensive Nuclear-Test-Ban Treaty (CTBT)
in 1996. Since that time only nonsignatory countries have de-
clared nuclear tests, and only DPRK has declared tests in this
century. The 3 September 2017 declared nuclear test was the
sixth since DPRK began testing in 2006. It was by an order of
magnitude, the largest nuclear test in the DPRK series (the next
largest on 9 September 2016 had an IDC 2, of 5.1) and has
been followed by additional seismicity, including an apparent
cavity collapse and nearby seismic events reported by the US.
Geological Survey (USGS) and others. In this paper we apply
regional distance body-wave methods to both the recent DPRK
events, as well as historic events in Nevada, to better under-
stand the DPRK area seismicity and evaluate their discrimina-
tion effectiveness.

There has been a large amount of work over many years to
find methods to reliably separate and identify explosions from a
background of natural ecarthquakes (e.g., National Research
Council [NRC] report, 2012). Among the most robust methods
of discriminating earthquakes from explosions are ratios of
regional P/S amplitudes at high frequencies (e.g., Walter ¢z 4L,
1995; Taylor, 1996; Hartse ez al., 1997; Kim ez al., 1997; Battone
et al., 2002; Rodgers and Walter, 2002; Taylor ez al., 2002).
These techniques make use of regional P and § waves traveling
in the crust (Pg and Lg) and regional P and S waves traveling in
the uppermost mantle (Pz and Sz). These regional techniques
allow event identification to be extended to much lower mag-
nitudes than older empirical teleseismic techniques, such as
M, : my, (e.g., Bowers and Selby, 2009; Selby ez al, 2012).

There is relatively less work on methods to separate seis-
mic events associated with the collapse of underground cavities
from explosions and earthquake. Nevertheless, some effective
methods are known (e.g,, Taylor, 1994; Pechmann ez al., 1995;
Mine Seismicity Report and the Comprehensive Nuclear-Test-
Ban Treaty, 1999; Bowers and Walter, 2002). Recent work us-
ing regional waveform modeling-based moment tensor values
show clear separation between the three types of events (Ford
et al., 2009). However, such methods rely on intermediate

Seismological Research Letters Volume 89, Number 6 November/December 2018 2131



Comparison of Earthquake and Explosion at KNB

(b)

Comparison of Earthquake and Explosion at INCN

4 T T T T T I T T T T I T T
KNB  vbz 7
2 JUN 29 (181), 1992 —
0 w "
S 1993 Little Skull Mtn |
g § Mw 5.7 Earthquake -
:,; > _é T T T T T T T T
‘o 4 Atrisco 7
o ) KNB v -
L . AUG 05 (217), 1982 ]
-2 .
¥ -4 1982 Atrisco Mag 5.7]
S NTS Nuclear Test -
> 1 1 1 l 1 1 1 1 l 1 1
0 100 150

Time (s)

6
4 Lo INCN  BHZOO ]
) NOV 15 (319), 2017
0

South Korea 4
Mw 5.4 Earthquake ]

T T [ T T T T [ L.

DPRK NUKE -
INCN  BHZ00 b
SEP 03 (246), 2017 ]

T 3 Sep Mag 6.1 7
2 1o DPRK Nuclear Test _|
> 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1
0 50 100 150 200
Time (s)

A Figure 1. Earthquake (blue) and explosion (red) 4-8 Hz band-pass filtered seismograms observed at a common station. (a) The Atrisco
nuclear explosion and Little Skull Mountain earthquake at station KNB about 300 km away. (b) The 15 November 2017 South Korean
earthquake and the 3 September 2017 Democratic People’s Republic of Korea (DPRK) declared nuclear test at station INCN. The explosion
is about 475 km away and the earthquake is about 285 km away. In each case, the relative absence of Lg amplitude for the explosions is a

basis for identifying them.

period waveform modeling that can be challenging for events
smaller than roughly magnitude 3.5 due to poor signal-to-noise
values at these periods. We explore body-wave-based methods
such as ratios of regional phase amplitudes, which may be appli-
cable to event identification at much smaller magnitudes. We
examine P/S amplitude ratios, such as a (2-4 Hz Pr)/(2-4 Hz
Lg), and low/high-frequency spectral amplitude ratios within
the same phase, such as a (2-4 Hz Lg)/(4-6 Hz Lg) (e.g.
Walter et al., 1995).

ANALYSIS

Explosion Versus Earthquake

The classic difference between earthquake and explosion P/S
amplitudes observed in regional high-frequency seismic wave-
forms is illustrated in Figure 1. We show that for earthquake—
explosion pairs observed in Nevada, US.A., and on the Korean
Peninsula, the explosions are relatively deficient in S-wave en-
ergy. The seismograms in Figure 1 were all band-pass filtered
between 4 and 8 Hz. The 1982 United States underground
nuclear test named Atrisco, with an announced yield of 138 ke
(US. Department of Energy [US. DOE], 2015) and a magni-
tude of 5.7, is compared with the nearby 1993 magnitude
5.7 Little Skull Mountain earthquake at station KNB about
300 km to the east in Utah. Note the strong amplitude Lg
phase observed in the earthquake seismogram and its complete
absence in the explosion seismogram. Similarly, the 15 Novem-
ber 2017 magnitude 5.4 earthquake in South Korea shows a
very strong Lg amplitude at station INCN about 280 km
to the west, while the 3 September 2017 DPRK declared
nuclear test shows almost no distinct S-wave amplitude at the
same station. This difference in relative P/S amplitudes,
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observed at regional distances and at frequencies > ~2 Hz,
is the basis for an earthquake-explosion discriminant.
When comparing the regional phase amplitudes of events
spread across a geographic region, some care must be taken to
account for propagation effects, which can also change P/S ratios
(e.g., Taylor and Hartse, 1998; Taylor ez al., 2002; Pasyanos and
Walter, 2009). Here, we use 1D geometrical spreading and at-
tenuation corrections appropriate to each region following the
magnitude and distance amplitude correction (MDAC) pro-
cedure of Walter and Taylor (2001). The path-corrected 2—4 Hz
Pn/Lg and Pg/Lg values averaged over the three components at
station MDJ in northeast China are shown in Figure 2. They are
plotted versus moment magnitude estimated for the six DPRK
declared tests, and a variety of presumed crustal earthquakes in
the Korean Peninsula, Yellow Sea, and northeast China (for a
map of earthquakes, see Walter ez 4/, 2007). Because of the large
difference in crustal thickness and the potential for Lg blocking
(e.g» McNamara and Walter, 2001), we do not include events
that have paths crossing the oceanic crust in the Sea of Japan.
Figure 2 shows good separation between the explosions and
carthquakes, similar to what has previously been observed for the
carlier tests (e.g,, Richards and Kim, 2007; Walter ¢z al, 2007;
Zhao et al., 2008, 2017; Shin et al., 2010; Kim et al., 2017).
The 2-4 Hz Pn/Lg values are independent of magnitude
as expected (e.g., Walter ez al., 1995), whereas the 2-4 Hz
Pg/Lg explosions show an apparent magnitude dependence.
Curiously, the magnitude dependence is only observed on the
horizontal components and not the vertical ones. In Figure 2,
we show the MDJ east component for the six tests and it is
clear that the Pg amplitude increases relative to the Pz and Lg
phases as the magnitude increases. We suspect this may actually

be a topographic scattering and/or depth effect, since the 2006
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A Figure 2. P/Sratios and seismograms at MDJ. (a) MDAC 2—4 Hz three-component averaged Pn/Lg at MDJ versus magnitude. (b) 2-4 Hz

band-pass filtered seismograms on the east component of MDJ
averaged Pg/Lg at MDJ versus magnitude.
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explosion was not uncommon at the Nevada
test site (N'TS) (e.g., Springer ¢f al., 2002). For
example, the 1982 my 5.7, M, 4.2 Atrisco
nuclear test was followed about 20 min later by
a collapse seismic event with a magnitude of
my, 4.0 and M 3.5. It resulted in a crater about
359 m in diameter and 34 m deep (Springer
et al., 2002). However, not all nuclear tests that
show seismic signs of collapse form surface cra-
ters. The issue of the stability of the vaporization cavity follow-
ing a test depends upon many factors including geology and
depth. In the case of the 3 September DPRK declared nuclear
test, there are signs of surface subsidence (e.g., Pabian and
Coblentz, 2018), but not a classic crater.
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A Figure 3. Comparison of the Atrisco explosion and collapse waveforms at
station MNV. (a) Data compared to pure explosion synthetics filtered between 15

riod. (b) Data compared to pure gravitational collapse synthetics filtered

between 15 and 50 s period. (c) Comparison of explosion and scaled collapse data.
(d) The same comparison for the synthetics.

In the case of Atrisco, the intermediate period waves from
the explosion and the collapse are compared with model seis-
mograms and each other in Figure 3. The figure shows the
collapse Rayleigh waves have the opposite polarity from those
produced by the explosion. When fit by synthetic seismograms,
the explosion to first order is consistent with an isotropic
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(b) Comparison of Atrisco Explosion and Collapse spectra at MNV
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A Figure 4. Comparison of explosion and collapse seismograms and spectra. These are whole waveform spectral amplitudes and the
collapses were multiplied by the scale factor to facilitate comparison. Note the collapses are relatively deficient in high-frequency energy
compared with the explosions. (a) The Nevada test site (NTS) nuclear explosion Atrisco compared with its post-test collapse seismo-
grams at station MNV. (b) Displacement spectra of Atrisco explosion and collapse at MNV, with the collapse spectral amplitudes are
multiplied by a factor of 5. (c) The 3 September 2017 DPRK declared nuclear test compared with its inferred post-test collapse at station
MDJ. (d) Displacement spectra of the DPRK explosion and collapse where the collapse spectral amplitudes are multiplied by 25.

source, and the collapse is well fit by a closing crack. By scaling
the collapse by a factor of —5, and comparing the waveforms to
each other, we see the Rayleigh waves nearly overlie, but the Pr/
waves are different, consistent with a model where the collapse
has a greater relative component of vertical dipole or M,
component energy than the explosion (Walter, 1995). This is
consistent with the Atrisco collapse model as a tabular failure
under gravity rather than an implosion or the inverse of the
nuclear explosion.

Another notable feature of postexplosion collapse wave-
forms is their relative lack of high-frequency energy when com-
pared with the explosion waveforms. In Figure 4a, we compare
the Atrisco explosion and it’s subsequent collapse waveforms
and full seismogram spectra to each other at regional station
MNV. The collapse has a steeper spectral fall-off between 1
and 8 Hz and overall less relative high-frequency energy as com-
pared with the explosion. In Figure 4b, we compare the 3 Sep-
tember 2017 DPRK declared nuclear explosion spectra with the

subsequent collapse seismograms and full waveform spectra at
MD)]. Again, the collapse has a steeper fall-oft between 1 and
8 Hz and less high-frequency energy relative to the explosion.

One way to quantify the difference in relative high-frequency
energy content is through ratios of low- to high-frequency energy.
When the ratios are done on the same phase they are known as
spectral ratios and when done between two different phases, such
as low-frequency P to high-frequency Lg, they are known as cross-
spectral ratios (e.g., Hartse ez al., 1997). We show in Figure 5 that
for spectral ratios of low-frequency S waves to high-frequency §
waves, the collapse has a much higher value than the earthquakes
and the nuclear tests. For the DPRK region, these spectral ratios
appear to be able to discriminate and identify the shallow collapse
event from nuclear tests and earthquakes.

In other regions with weaker near-surface material, such as
the former NTS, we have found that spectral ratios can some-
times separate nuclear tests from earthquakes. In particular,
nuclear tests conducted in high gas-filled porosity material such
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A Figure 5. Spectral ratio at MDJ can discriminate the collapse
event. MDAC 1-2 Hz Lg/2-4 Hz Lg three-component averaged val-
ues versus magnitude from station MDJ are shown. Note the post-
explosion collapse (green square) has high values and separates
from the explosions (red stars) and the tectonic earthquakes (blue
circles) and probable earthquakes (magenta diamonds).

(a) MDAC 2-4 Hz Pn/ 2-4 Hz Lg at MDJ 3-Comp BH Avg (b) MDAC 2—4 Hz Pg | 2—4 Hz Lg at MDJ 3-Comp BH Avg

such as at 2—4 Hz as shown in Figure 6, the collapse event then
plots with the earthquakes and separates from the explosions.
By combining P/S and low- to high-frequency ratios, it appears
that we may be able to uniquely identify the collapse events in
both soft- and hard-rock geologies.

Probable Earthquakes

An uncommon feature of the 3 September 2017 DPRK declared
nuclear explosion is the detection and location of nearby seismic
events following the test by the USGS and the IDC. These in-
cluded an 7, 2.6 event at 04:43 on 23 September 2017 (IDC),
an 72, 3.4 event at 08:29 also on 23 September 2017 (IDC), and
an event on 16:41 on 12 October 2017 (USGS). In Figure 7, we
show seismograms of these events at MD]J as well as their spectra.
We note that based on the P/S values shown in Figure 6, they
plot with the earthquake population and are not deficient in high
frequency like the collapse event. We note that these events do
not form clusters that have time of day or other characteristics
associated with mine blasts. For these reasons, we will refer to
these events as probable earthquakes.

We used these probable earthquakes as templates in a
waveform correlation search and discovered there are a number
of other related events, some of which occurred before the
2017 test. Details of this analysis are reported by Dodge (2018)
and similar findings are reported by Gibbons ez a/. (2018). We
note that related events occurred in 2014 and perhaps as early
as 2011. As discussed by Dodge (2018), these events do not
follow the normal Omori law decay curves of an aftershock
sequence in relation to any of the DPRK de-
clared nuclear explosions. Myers ¢z al. (2018)
locate these events 4-8 km north of the DPRK

test site. For these reasons, we do not believe
they should be referred to as “aftershocks” of
the 3 September 2017 declared nuclear explo-
sion. It is possible these events are related and
perhaps even induced by the explosion activity
at the DPRK test site. It is also possible that in
this moderately active seismic region they are
simply natural tectonic earthquakes. Body-wave
analysis does not show any special features of
these probable earthquakes as compared to the
background tectonic earthquakes. Any special re-
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lationship between these probable earthquakes,
the other events that correlate with them (except
of course the collapse), and the DPRK declared

A Figure 6. P/S ratios at MDJ. (a) MDAC 2-4 Hz Pn/Lg three-component averaged
values at MDJ are plotted versus magnitude are shown. (b) MDAC 2-4 Hz Pg/Lg
three-component averaged values at MDJ versus magnitude are shown. Note the
postexplosion collapse (green square) and the probable earthquakes (magenta dia-
monds) plot with the tectonic earthquakes (blue circles) in the region, whereas the
explosions (red stars) clearly have higher values and separate from the other events.

nuclear explosions will need to depend on infer-
ences from timing and location information or
from more local seismic data.

We used the correlation results of Dodge
(2018) and looked at all events with an esti-
mated magnitude greater than 2.5 at station
MD]J. We found three additional events in

as dry alluvium and tuff discriminate from earthquakes using
low- to high-frequency Lg spectral ratios (Walter ez al., 1995).
As Figure 2 shows, that is not the case for the DPRK region.
Interestingly, if we form P/S ratios in the same frequency band,
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December for which we were able to get good regional phase
amplitude measurements between 1 and 4 Hz at station MDJ:
1 December 2017 at 22:45S, S December 2017 at 14:40, and 9
December 2017 at 06:13. In Figure 6, we show the 2-4 Hz
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A Figure 7. Explosion, collapse, and inferred earthquakes. (a) Seismograms and (b) full waveform spectra. Note the probable earth-
quakes (pink) show clear Lg phases and are not deficient in high-frequency energy like the collapse (green).

Pr/Lg and Pg/Lg values of these probable earthquakes. We
note they have very similar values to the natural tectonic earth-
quakes and the September and October 2017 probable earth-

quakes and clearly separate from the nuclear tests.

DISCUSSION

The ability to use seismic waves to discriminate between earth-
quakes, explosions, and collapses is an important component of
nuclear explosion monitoring. Traditional techniques such as
M —my, have had problems in discriminating the DPRK explo-
sions from earthquakes (e.g., Selby ez 4/, 2012). In contrast,
newer techniques utilizing intermediate-period regional wave-
form modeling to determine moment tensors are very effective
(e.g., Ford er al., 2009, 2012; Chiang et 4l., 2018). However,
M —my, and moment tensor techniques can be challenging to
employ when the events become too small to easily see at peri-
ods below about 10 s, at roughly magnitudes < 3.5. These
techniques can also be challenging to use when the source-
to-station paths traverse complex Earth structure that is not
well modeled by a 1D approximation. In such cases, 3D model
synthetics might prove effective, but would require the devel-
opment of appropriate Earth models.

Body-wave methods such as regional high-frequency P/S
values have proven very effective since their widespread appli-
cation in the mid 1990s. However, there remain concerns due
to our incomplete understanding of how explosions generate S
waves and the lack of a predictable explosion S-wave model.
One way this issue is being addressed is through the Source
Physics Experiments (SPE), a series of very densely instru-
mented chemical explosions in Nevada (Snelson ez al., 2013).
Preliminary results from the SPE show that high-frequency §
waves in hard rock are generated by driven motion on pre-
existing joints (e.g., Vorobiev ez al., 2018), whereas for lower
frequency S waves the dominant mechanism appears to be

the scattering and conversion of P and Rg waves due to hetero-
geneities around the source (e.g., Pitarka ez al, 2015). The scat-
tering efﬁcicncy in terms of generating shear waves may be
frequency dependent, which would help explain why P/S ratios
at frequencies greater than 2 Hz are much more effective at
earthquake—explosion discrimination than P/S ratios at frequen-
cies below 2 Hz.

There are isolated instances where P/S values do not iden-
tify explosions very well, such as deeply buried (overburied from
a scaled depth perspective) nuclear tests in the former Soviet
Union (e.g., Pasyanos ez al., 2012). As we show in this article,
P/S§ is quite effective as an earthquake—explosion discriminant
for the six DPRK declared nuclear tests, despite the fact that
some are likely quite overburied compared to practices at the
NTS (e.g. Pasyanos and Myers, 2018). These DPRK results
are encouraging for the use of P/S values for explosion identi-
fication down to very small sizes and significant overburial, but
more work is needed via experiments such as the SPE and
numerical modeling to reconcile the outlier behavior of some
overburied events.

Finally, in this article we show that combination of P/S
values and spectral ratios in the S waves between low and higher
frequency bands can identify collapse events and separate them
from both explosions and carthquakes. These results are also
encouraging for finding postexplosion collapse events in cases
where moment tensor methods may not be applicable due to
signal-to-noise conditions or other waveform modeling compli-
cations.

CONCLUSIONS

In this article, we have shown that regional body-wave phases
(e.g., Pn, Pg, Sn, Lg) can be used to separate the populations of
different seismic source types down to very low magnitudes.
We show that P/S values at frequencies of about 2 Hz and
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higher can discriminate the six DPRK declared nuclear tests
from a background of tectonic earthquakes. We show that low-
to high-frequency ratios, alone or when combined with P/S
values, can discriminate the 3 September 2017 post-test appar-
ent collapse from both the explosions and the tectonic earth-
quakes. Finally, we look at the scismic events on 23 September,
12 October 2017, 1, 5, and 9 December 2017, and find they
have P/S and low- to high-frequency values consistent with
tectonic earthquakes. Given these body-wave signatures and
that these events appear to be located kilometers north of the
test site, we infer they appear to be earthquakes, very similar in
nature to other tectonic earthquakes in the region.
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