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Figures

Figure 1. Topography and subsurface pressure showing the location of three-dimensional
nonlinear calculations. The five new calculations were performed at the X=400 location,
close to the inferred locations of the 2016 and 2017 explosions. 1
Figure 2. Vertical displacement from the NK2017 calculation along a south-north profile.
1
Figure 3. Calculated surface waves from the 2017 event with and without tectonic
release, together with observed surface waves at two stations. With tectonic release (TR),
surface waves are slightly larger in the direction of extension, at MDJ and INCN. 2
Figure 4. The pP phase is smaller in the 2017 explosion that in the 2016B explosion. The
top figure in each plot above is the first arriving P-wave from the 2016 explosion and
bottom is from 2016B. Left waveforms are from MDJ and right from INCN. All lowpass
filtered at 5 Hz. 2
Figure 5. Estimated locations of the six North Korean nuclear explosions. 3
Figure 6. Ms average and standard deviation for each of the 6 North Korean explosions. 4
Figure 7. Estimated yield in kilotons vs. Ms for the six North Korean explosions. The line
is the global Ms:Yield curve from Stevens and Murphy (2001). 4
Figure 8. The CRAM 3D finite element outer grid (left) is rectangular. The inner grid
(center) is shaped to match the shape of the explosion shock wave. CRAM2D uses a
similar axisymmetric spider grid (right) in the region around the explosion. 6
Figure 9. Four 3D calculations were performed at depths 100, 200, 540, 800 meters, at
location zero in south-north distance in the figure, all at 12.5 kt. Four additional
calculations were performed 400 meters north, at 730m depth, which is the same
elevation as the 540m calculation, with yields of 12.5, 20 and 180 kilotons and at 180 kt
with tectonic stresses added. The topography used in the calculation corresponds to the
actual test site topography. Colors show the pressure in the initial equilibrium state. 8
Figure 10. Final grid near the cavity at the end of the NK2017 calculation (4 seconds). 9
Figure 11. Pressure at 0.1 seconds (top) and 0.2 seconds (bottom) from the NK2017

calculation. 10
Figure 12. Final nonlinear deformation (plastic work, top) from the NK2017 calculation.
Regions of tensile cracking (crack strain, bottom). 10
Figure 13. Displacement from the NK2017 calculation along a south-north profile. Top:
vertical displacement. Bottom: horizontal displacement. 11
Figure 14. Displacement from the NK2017 calculation along a west-east profile. Top:
vertical displacement. Bottom: horizontal displacement. 12

Figure 15. Overhead view of surface displacement near the explosion. The explosion is at
X=400, Y=0. Top: Vertical displacement shown in color, horizontal displacement
magnitude and direction shown by arrows. Bottom: Horizontal displacement magnitude
shown by colors, magnitude and direction by arrows. 13
Figure 16. Cracking and spall from the 2017 calculation. Top: regions of tensile cracking
shown as crack strains, together with the locations of the seismic records shown on the
bottom. Bottom: vertical, radial and tangential velocity records at the four locations
shown on the top. The constant slope in the first 1.5 seconds indicates spall. 14



Figure 17. Left: nonlinear deformation (plastic work). Right: tensile crack strains. From
top to bottom: NK-100, NK-200, NK-540,NK-800, Shoal. All calculations were at 12.5
kiloton yield. 16
Figure 18. Left: nonlinear deformation (plastic work). Right: tensile crack strains. From
top to bottom: NK2016A (12.5 kt), NK2016B (20 kt), NK2017 (180 kt). 17
Figure 19. Map showing the 5 GSN stations (blue crosses) closest to the North Korean
test site (red circle). Blue lines are great circle paths. 19
Figure 20. Phase velocity (red) and group velocity (blue) on the left and spectral
amplitude (right) for each of the 5 closest GSN stations. From top to bottom: BJT, ENH,
HIA, INCN and MDJ. Dashed curves are the standard deviations in the measurements for

3 events. 21
Figure 21. Earth models from surface wave inversion (left) and phase (ccal, cobs) and
group velocity (ucal, uobs) data fits (right). 23

Figure 22. Waveform (left) and spectral (right) data fits comparing the fundamental mode
surface wave velocity calculated from the inversion and the data from the 2017
explosion. Both data and calculations have been low pass filtered at 0.08 Hz. 25
Figure 23. Calculated and observed fundamental mode waveforms. From left to right:
NK2016A (12.5 kt), NK2016B (20 kt) and NK2017 (180 kt). From top to bottom,
stations MDJ, INCN, BJT, HIA and ENH. Top waveform in each is data, bottom is the
surface wave from the 3D calculation. All are lowpass filtered at 0.08 Hz. 27
Figure 24. Spectra from waveform calculations. From left to right: NK2016A (12.5 kt),
NK2016B (20 kt) and NK2017 (180 kt). From top to bottom, stations MDJ, INCN, BJT,
HIA and ENH. Each plot contains the observed waveform spectra, full waveform 3D and

1D spectra and fundamental mode surface wave 3D and 1D spectra. 28
Figure 25. Data (top), 1D (middle) full waveform and 3D (bottom) full waveforms
generated from the NK2017 CRAMB3D runs at five stations. 29

Figure 26. Far field P-waves 1000 km below the source at the azimuth and takeoff angle
of each of the 5 closest GSN stations. From left to right: NK2016A (12.5 kt), NK2016B
(20 kt) and NK2017 (180 kt). From top to bottom, stations MDJ, INCN, BJT, HIA and
ENH. All are lowpass filtered at 5 Hz. 30
Figure 27. The pP phase is smaller in the 2017 explosion that in the 2016B explosion.
The top figure in each plot above is the first arriving P-wave from the 2016 explosion and
bottom is from 2016B. Left waveforms are from MDJ and right from INCN. All lowpass
filtered at 5 Hz. 31
Figure 28. Calculated P-waves to the north (top) and south (bottom) for four events
(calculations NK_540, NK2016A, NK2016B and NK2017). Bandpass filtered 0.5 to 5

Hz. 32
Figure 29. P-wave data at MDJ to the north (top) and INCN to the south (bottom) for NK
tests 2009, 2016A, 2016B and 2017. Bandpass filtered 0.5 to 5 Hz. 33
Figure 30. Prestress used in the NK2017TR calculation. Dashed line shows limiting

prestress with a coefficient of friction of 0.6. 34

Figure 31. Left: initial pressure state with prestress. Right: Change in initial horizontal
stress state due to prestress. Note that pressure is positive in compression and stress is
positive in extension. 34
Figure 32. Calculated surface waves with and without tectonic release. With tectonic
release (TR), surface waves are larger in the direction of extension, at MDJ and INCN. 35
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Figure 33. Prestress used in the NK2017TH calculation with compressive prestress.
Dashed line shows limiting prestress with a coefficient of friction of 0.6. 36
Figure 34. Meanzstandard deviation of Ms from surface waves calculated at the locations
of the five closest stations without tectonic release (NK2017), with tensile tectonic
release (NK2017TR) and with compressive tectonic release (NK2017TH). 36
Figure 35. Long period surface wave magnitudes calculated from the four CRAM3D
calculations at depths from 100-800 meters. These are 20 second magnitudes measured
from fundamental mode surface waves low-pass filtered at 0.1 Hz. Each point
corresponds to a different azimuth. 38
Figure 36. Ms-log(yield) for all calculations using the paths to the five closest stations. 38
Figure 37. Top: Ms and standard deviation measured from the observed surface waves at
the five closest stations for the 2016 and 2017 explosions. Bottom: Ms and standard
deviation measured from the calculated surface waves at the five closest stations for the
2016 and 2017 explosions. 39
Figure 38. Ms vs. depth from axisymmetric calculations in a flat layered structure from
Stevens et al (2017). Blue crosses are for a point explosion source calculated using a 1D
spherically symmetric finite difference code. The dashed line is the expected Ms from the
global data set (Stevens and Murphy, 2001). Black symbols indicate phase reversals. 40
Figure 39. Left: Ms-Log(Yield) vs. scaled depth for axisymmetric calculations. Black
circles indicate phase reversals. Right: Ms-Log(Yield) vs. scaled depth for North Korean,
Degelen, Balapan and Climax Stock (NTS) hard rock explosions. Data is from Patton
(2016). 41
Figure 40. Long period surface wave amplitudes depend on the subsurface horizontal
displacement: the solid vertical lines on the sides of each figure. In a flat earth, the
explosion (red circle) generates an outward displacement on this surface, but the
nonlinear free surface effects (gold region) generate an inward motion, reducing the
surface wave from the explosion. When the explosion is at the base of the mountain, it
still causes a horizontal displacement in the earth, but the nonlinear free surface effects
just move the sides of the mountain and have little effect on surface wave generation.
When the explosion is inside the mountain, it moves the sides of the mountain instead of
the subsurface, so surface wave generation is reduced. 42
Figure 41. P-wave amplitudes calculated from the four CRAM3D calculations at depths
from 100-800 meters, all low-pass filtered at 5 Hz. The high amplitudes at 540 and 800
meters depth correspond to directions of pP focusing. 43
Figure 42. P-waves calculated for a range of azimuths and a takeoff angle of 20 degrees.
Left: NK2016B calculation; Right: NK2017 calculation. Lowpass filtered at 5 Hz.

Azimuth is clockwise from north, zero is north. 44
Figure 43. Waveforms 1 to 3 seconds after the explosions for all 8 calculations at 10 km
distance. Scale gives the peak amplitude in meters. 44
Figure 44. Waveforms 100 to 300 seconds after the explosions for all 8 calculations at
1000 km distance. 45
Figure 45. Comparison of velocity spectra at 1000 km from the NK2017 calculation with
the NK12.5 (2016A) calculation (left) and the NK2016B calculation (right). 45

Figure 46. Relative sizes of stress and displacement terms in the representation theorem
calculation at 20 seconds for surface waves for all of the calculations. Sh and ShNK refer
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to the flat Shoal calculation and the Shoal calculation embedded in the North Korean
structure. 46
Figure 47. Ratio of the amplitude of the second (displacement) term in the representation
theorem integrated over the sides to the total displacement. Long period surface waves
are generated primarily by the static horizontal displacement. 47
Figure 48. Illustration using the Shoal calculation. The horizontal displacement on the
sides of the monitoring surface generates almost all of the long period surface waves. 47
Figure 49. Displacement (meters) normal to the monitoring surface. Top: Shoal. Left:
Displacement on south face of monitoring surface for North Korean calculations. Right:
Displacement on east face of monitoring surface for the North Korean calculations. (See
Figure 50). 48
Figure 50. Surface view of grid used in the North Korea calculations showing calculation
boundary (solid) and monitoring surface (dashed). The x marks the location of the

NK 100 to NK_800 calculations, and the + marks the location of the 2016 and 2017
calculations. 49
Figure 51. P-waves calculated for a range of azimuths and a takeoff angle of 20 degrees.
Left: NK2016B calculation; Right: NK2017 calculation. Lowpass filtered at 5 Hz.
Azimuth is clockwise from north, zero is north. 50
Figure 52. Left: Ms and standard deviation measured from the observed surface waves at
the five closest stations for the 2016 and 2017 explosions. Right: Ms and standard
deviation measured from the calculated surface waves at the five closest stations for the
2016 and 2017 explosions. 51
Figure 53. Left: Ms-Log(Yield) vs. scaled depth for axisymmetric calculations. Black
circles indicate phase reversals. Right: Ms-Log(Yield) vs. scaled depth for North Korean,
Degelen, Balapan and Climax Stock (NTS) hard rock explosions. Data is from Patton
(2016). 51
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1. Summary

We use three-dimensional nonlinear calculations of explosions at the North Korean test site,
together with the representation theorem, to determine the effect of topography and depth on
local and regional phases as well as long period surface waves and far-field body waves. We
completed 5 three-dimensional nonlinear finite difference calculations using the topography of
the North Korean test site (Figure 1). The new calculations have yields of 12.5, 20 and 180
kilotons and are at a location 400 meters north of the earlier calculations. This corresponds to the
inferred locations and yields of the January and September 2016 and September 2017 explosions,
respectively. These new calculations are compared with earlier calculations which were all
performed at 12.5 kilotons, and at depths of 100, 200, 540 and 800 meters. The new calculations
were performed at a depth of 730 meters, which corresponds to the same elevation as the earlier
540m calculation. Two additional calculations were performed at 180 kilotons that included
tensile and compressive tectonic prestress.
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Figure 1. Topography and subsurface pressure showing the location of three-dimensional
nonlinear calculations. The five new calculations were performed at the X=400 location, close to

the inferred locations of the 2016 and 2017 explosions.

We calculate large displacements of 2-4 meters on the mountain surfaces near the explosion, but
very little displacement on the surface directly above the explosion which is very close to the
mountain peak (Figure 2). This is most likely due to the topography, with gravity increasing
displacement on downhill slopes.
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Figure 2. Vertical displacement from the NK2017 calculation along a south-north profile.



The North Korean explosions appear to be anomalous in generating much larger surface waves
than are expected based on surface waves observed from buried explosions in other areas.
Calculations show that explosions at the base of a mountain have amplified surface waves, which
explains a substantial part of the anomaly. The mountain reduces horizontal stresses, which has
an effect similar to tensile tectonic stresses, so added tensile stresses cause only a small
additional amplification. Surface waves from the three-dimensional nonlinear calculations match
the surface waves from the 2017 event (Figure 3) remarkably well, and also match the 2016
events. The remaining difference is attributed to reduced Ms in the global data set caused by the
free surface interaction and compressive tectonic release.
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Figure 3. Calculated surface waves from the 2017 event with and without tectonic release,
together with observed surface waves at two stations. With tectonic release (TR), surface waves
are slightly larger in the direction of extension, at MDJ and INCN.

We find that the topography increases the amplitude of the surface reflected pP phase for all
events at this test site, however the effect is reduced for the 2017 explosion because of strong
nonlinear interaction with the free surface (Figure 4).
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Figure 4. The pP phase is smaller in the 2017 explosion that in the 2016B explosion. The top

figure in each plot above is the first arriving P-wave from the 2016 explosion and bottom is from

2016B. Left waveforms are from MDJ and right from INCN. All lowpass filtered at 5 Hz.



2. Introduction

2.1 The North Korean Nuclear Explosions

On September 3, 2017, the Democratic People's Republic of Korea (DPRK) conducted its sixth
announced nuclear test. The seismic signals from this test were much larger than the signals from
the previous 5 tests. The last 5 explosions were all conducted in Mt. Mantap. A map provided by
NORSAR! derived from Gibbons et al. (2017) showing the estimated locations for all of the
explosions is shown in Figure 5.

9 September 2016 ‘AUJ«, Wantap (elev 2205 m)

)
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Figure 5. Estimated locations of the six North Korean nuclear explosions.

Figure 6 shows the surface wave magnitude Ms and its standard deviation calculated from the 5
closest stations, using Russell’s formula for Ms (Russell, 2006; Bonner et al, 2006). The surface
wave signals are remarkably consistent from event to event and the standard deviation for each
event is very small. Because of this consistency, we can use the surface wave amplitude as a
scaling factor to estimate the relative yields for each event. Murphy et al (2013) estimated a yield
of 4.60 kilotons for the 2009 event. We use this together with the surface wave amplitudes to
estimate a yield for all 6 explosions. The Ms and yield points are shown in Figure 7 together with
the global Ms:Yield curve from Stevens and Murphy (2001), and the estimated yields are listed

! https://ds.iris.edu/ds/nodes/dmc/specialevents/2017/09/03/2017-north-korean-nuclear-test/
3



in Table 1. As can be seen in the figure, the surface waves from all of these explosions were
quite large compared to the global average for events of the same yield.
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Figure 6. Ms average and standard deviation for each of the 6 North Korean explosions.
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Figure 7. Estimated yield in kilotons vs. Ms for the six North Korean explosions. The line is the
global Ms:Yield curve from Stevens and Murphy (2001).



Table 1. Measured Ms and estimated yield from the six announced North Korean nuclear tests

Event Ms Estimated Yield (kt)
2006 10 09 2.90 £ 0.14 0.91
2009 05 25 3.61£0.07 4.60
201302 12 3.95+0.08 10.0
2016 01 06 4.04 £ 0.04 12.3
2016 09 09 4.23+0.03 19.0
2017 09 03 5.20 £ 0.05 180

The estimated yield of 180 kilotons for the 2017 event is consistent with other yield estimates for
this event. J. R. Murphy estimated 200 kilotons from his analysis of the observed network-
averaged teleseismic P wave spectrum for that explosion in which he assumed a source depth of
800 meters (personal communication, October, 2017). Several other yield estimates are
referenced on the Iris special event page: NORSAR estimated 120 kt, and later revised the yield
estimate to 250 kt , The University of Science and Technology of China estimated 108.3+48.1 kt.
The Comprehensive Nuclear Test Ban Treaty Organization estimated a range of 140 to 450 kt.



3. Technical Approach

3.1 The CRAM3D Code

CRAM 3D is an explicit three-dimensional Lagrangian finite element code designed to run on
multiple processors (Stevens et al, 2011, 2017, 2017a). For an explosion simulation, the cavity is
placed near the center of the grid and is enclosed by a spider grid which facilitates applying the
pressure boundary condition and rezoning elements (Figure 8). The code includes gravity and so
includes the important effects that result from variation of overburden pressure with depth.
Gravitational equilibrium is established by running an initial calculation with no source, which is
followed by a second calculation including the explosion source. CRAM3D also has the
capability to include tectonic prestress in the calculations.

Figure 8. The CRAM 3D finite element outer grid (left) is rectangular. The inner grid (center) is
shaped to match the shape of the explosion shock wave. CRAM2D uses a similar axisymmetric
spider grid (right) in the region around the explosion.

3.2 Propagation with the Elastodynamic Representation Theorem

The representation theorem allows us to perform arbitrarily complex nonlinear calculations in the
source region, and then propagate them with an appropriate Green’s function. The representation
theorem is exact. That is, no matter how complex the 3D motion is on the source region
boundary, it will be correctly propagated by the representation theorem. The only exception is
that it will not calculate the interaction of backscattered waves reflected from outside the source
region with complexities of the source region.

In the three-dimensional numerical calculations, we save displacements and stresses on a
monitoring surface on the boundary of a rectangle (5 planar surfaces, excluding the upper
surface), and calculate Green’s functions from each point on the monitoring surface to the
receiver and so the synthetic seismogram at the receiver point X outside of the monitoring
surface is obtained by integrating over the monitoring surface s

wX) = [ {GHE6X)+ 1€ = )l (©) « Sj(&s Xm }dA
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in the frequency domain, where G} (&, X) and S}k (&; X) are the Green’s function and the stress

tensor on the monitoring surface due to a unit impulsive force at X in direction i, Tj'\’I Is the

traction on the monitoring surface due to the seismic source, u is the displacement on the
monitoring surface, and n is the normal to the monitoring surface. The operator * denotes
convolution and the summation convention is assumed.

We use a plane-layered Green’s function outside the source region. The Green’s functions for the
complete seismograms are derived from an algorithm based on the work of Luco and Apsel
(1983) and Apsel and Luco (1983). The technique used for surface waves is similar to the
method of Bache et al. (1982). The Green’s functions for body waves are generated by a
procedure similar to that described by Bache and Harkrider (1976) using a saddle point
approximation to calculate a far-field plane wave for a given takeoff angle from a source in a
plane-layered medium. Although the full waveform Green’s functions generate the complete
waveform, the other Green’s functions provide additional insight into the source and waveform
generation.



3.3 Numerical Modeling of the North Korean Nuclear Explosions

We have performed several three-dimensional nonlinear explosion calculations using the
topography of the North Korean test site (NASA et al, 2009). Four calculations were performed
at different depths at the estimated location of the 2009 explosion, all with yields of 12.5
kilotons. Four calculations were performed at the estimated location of the 2017 explosion,
which was also very close to the location of the two 2016 explosions, with yields of 12.5, 20 and
180 kilotons, close to the yields of those three events. Two additional calculations were
performed at 180 kilotons with tensile tectonic stresses included. The location of the 2009 event
is from Zhang and Wen (2013), the 2016 event locations are from Gibbons et al (2017), and the
2017 location is provided by NORSAR on the IRIS special event page. Murphy et al (2013)
estimated the depth of the 2009 event as 540 meters, which is also consistent with the observed
adit location. The depth of the 2016-2017 explosion calculations is 730 meters below the surface
and close to the peak of Mt. Mantap, at the same elevation as the 540 meter calculation. The
locations of the explosion calculations are shown in Figure 9, and the depths and yields of the
calculations are listed in Table 2.
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Figure 9. Four 3D calculations were performed at depths 100, 200, 540, 800 meters, at location
zero in south-north distance in the figure, all at 12.5 kt. Four additional calculations were
performed 400 meters north, at 730m depth, which is the same elevation as the 540m calculation,
with yields of 12.5, 20 and 180 kilotons and at 180 kt with tectonic stresses added. The
topography used in the calculation corresponds to the actual test site topography. Colors show
the pressure in the initial equilibrium state.

Table 2. North Korea Calculations

Calculation Source Depth (m) Yield (kt)
NK-100 100 12.5
NK-200 200 12.5
NK-540 540 12.5
NK-800 800 12.5
NK2016A 730 12.5
NK2016B 730 20
NK2017 730 180
NK2017TR/TH 730 180



The calculations are performed using the
CRAMB3D code discussed earlier. For the North
Korean calculations we use a uniform material
model with granite properties previously used
for a calculation of the Shoal nuclear explosion
(Stevens and Thompson, 2015). The grid
contains zone dimensions 400x340x140 in the
X, Y and Z directions, which correspond to
North, West, and Up. Grid nodes were spaced 10
m horizontally ranging from 1600 m south to
1400 m north and 1700 m west to 1700 m east,
and vertically every 5 m at the grid edges. The
smaller nodes in the vertical direction are
necessary because the calculation expands the
nodes under the mountain to develop a smooth
grid with the topography.

The initial cavity size at the start of the
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Figure 10. Final grid near the cavity at the
end of the NK2017 calculation (4 seconds).
Depth and location units are meters.

calculation corresponds to the vaporization radius of the explosion, which is calculated using the
approximate relation that a nuclear explosion vaporizes 70 tons of rock per kiloton of explosion.
For 180 kilotons yield in a rock with density 2600 kg/m?, the vaporization radius is 10.5 meters.
The cavity expands to a final radius of 58.5 meters (Figure 10).

Figure 11 shows the pressure field at 0.1 and 0.2 seconds. At 0.1 seconds the pressure is a nearly
perfect spherical wave embedded in the initial hydrostatic pressure field. By 0.2 seconds, the
pressure wave is strongly interacting with the free surface with a tensile wave propagating
downward from the surface reflection. Figure 12 shows the regions of nonlinear deformation and

tensile cracking at the end of the calculation.
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4. Results and Discussion

4.1 Surface deformation and spall from the NK2017 explosion

The 2017 explosion was large enough to generate observable surface deformation (Pabian,
2017). The calculations also generated large deformations which are strongly affected by the
topography. Figure 13 shows cross sections of the final displacements along north-south profile
and Figure 14 along an east-west profile. The calculations show vertical displacement of up to 4
meters and horizontal displacement of up to 2 meters, with the largest displacements occurring
on the slope south of the explosion. The effect of gravity is strong, moving deformation away
from the mountain top and down the southern slope. While there are large displacements on the
slope, there is minimal displacement on the top of the mountain immediately above the
explosion. Both of these effects — large displacements on the slope and minimal displacement
near the peak, have been observed using radar data acquired by the German TerraSAR-X
satellite (Wang et al, 2017).
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Figure 15 shows the vertical and horizontal displacement on the surface above the explosion.
The arrows show the magnitude and direction of the horizontal displacement and the colors show
the vertical (top picture) and horizontal (bottom picture) displacement. The blue spot in each
show the minimal displacement immediately above the explosion. In fact the vertical
displacement is slightly negative (subsidence). The horizontal displacement, however, is as large
as two meters downslope to the south of the peak. Vertical displacement is also large in this area.
The effect of gravity on the steep slopes is strong here, causing displacement to shift from the
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Figure 15. Overhead view of surface displacement near the explosion. The explosion is at
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4.2 Spall from the NK2017 explosion.

The calculations also show substantial spall on the surface. Spall occurs when the interaction of
the upgoing wave and the reversed polarity downgoing wave interact to cause the upper layers of
the earth to detach and travel on a ballistic path. That is, they are thrown up in the air, and then
come down under the acceleration of gravity. This is visible in seismic records as a slope in the
vertical velocity corresponding to the acceleration of gravity (Figure 16).
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Figure 16. Cracking and spall from the 2017 calculation. Top: regions of tensile cracking shown
as crack strains, together with the locations of the seismic records shown on the bottom. Bottom:
vertical, radial and tangential velocity records at the four locations shown on the top. The
constant slope in the first 1.5 seconds indicates spall.
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4.3 Comparison of nonlinear deformation for all calculations

Figure 17 shows the regions of nonlinear deformation and cracking for all of the earlier
calculations, including Shoal, and Figure 18 shows the regions of nonlinear deformation and
cracking for the new calculations. Note that the new calculations are close to the peak of Mt.
Mantap, while the earlier calculations were 400 meters downslope to the south. The Shoal
calculation was at 370m depth in the same material, but with a flat surface. The new calculations
are shown at a different scale since the area of nonlinear deformation is so much larger for the
2017 explosion. All of the calculations have substantial nonlinear interaction with the free
surface, however, including the calculation at 800 meters depth.
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4.4 Calculation of seismic waves using the representation theorem

We use the representation theorem to propagate the calculation from the near field to regional
and teleseismic distances as discussed earlier. The finite element grid is tapered to have the same
surface elevation at all points on the monitoring surface, and we embed this in an external model
with the same material properties on the monitoring surface. We use Green’s functions for
surface waves, full waveform regional seismograms and far-field body waves calculated from a
plane-layered earth model outside the source region.

4.4.1 Earth models used for propagation

We use two types of models for propagation: 1) a regional model corresponding to the structure
at the North Korean Test Site; and 2) path specific models derived from observed surface waves.
The regional model, listed in Table 3, is the earth model at the location of the North Korean test
site from Stevens et al (2005), with the 2 km surface layer replaced with the properties of the
granite model used in the nonlinear calculations. Q was set to a uniform value of 400 in the crust
and upper mantle from 4 to 80 km depth. We use this structure for the common set of distance
and azimuth calculations.

Table 3. Regional material model for the North Korea test site
Depth  Thickness Vp Vs Density

km km Q
2.0 2.0 5.175 3.025 2.600 200
4.0 2.0 5.356 3.100 2.625 300
6.0 2.0 5.538 3.170 2.650 400
8.0 2.0 5.719 3.240 2.675 400
11.0 3.0 5.900 3.312 2.700 400
22.0 11.0 6.402 3.593 2.736 400
32.0 10.0 7.016 3.938 2.960 400
48.0 16.0 8.031 4.508 3.330 400
64.0 16.0 7.736 4.343 3.223 400
80.0 16.0 7.431 4,171 3.111 400
100.0 20.0 7.434 4173 3.112 75
120.0 20.0 7.587 4.259 3.168 75
142.5 22.5 7.733 4.341 3.221 76
165.0 22.5 7.828 4.394 3.256 76
187.5 22.5 7.929 4.450 3.293 77
210.0 22.5 8.110 4.553 3.359 78
235.0 25.0 8.366 4.696 3.453 134
260.0 25.0 8.586 4.820 3.533 135

© o0 8.742 4.832 3.541 137

For the 5 closest stations, we derive path structures by inversion of the observed fundamental
mode surface waves at each station. These stations are shown in Figure 19 and listed with the
distance and azimuth from the test site in Table 4.
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Figure 19. Map showing the 5 GSN stations (blue crosses) closest to the North Korean test site
(red circle). Blue lines are great circle paths.

Table 4. 5 GSN stations closest to the North Korean Test Site

Station Distance (km Azimuth (degrees
BJT 1097 267
ENH 2142 241
HIA 1147 324
MDJ 371 6
INCN 478 207

The procedure for measuring phase and group velocity dispersion curves and inverting for earth
structure is described by Stevens (1986), Stevens and McLaughlin (2001) and Stevens et al
(2005, 2008). Dispersion curves were obtained for the three largest explosions and then averaged
for each station. Amplitudes were averaged using a scaling factor for each event so that they
each had a common mean. The phase and group velocities and amplitudes together with their
standard deviations are shown in Figure 20. These were derived from the surface waves from the
largest three explosions (refer to Table 1). Both the dispersion curves and spectral amplitudes are
very consistent at each station. Standard deviations are quite small.
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Figure 20. Phase velocity (red) and group velocity (blue) on the left and spectral amplitude
(right) for each of the 5 closest GSN stations. From top to bottom: BJT, ENH, HIA, INCN and
MDJ. Dashed curves are the standard deviations in the measurements for 3 events.

Phase and group velocity dispersion curves were inverted for shear velocity structure, while
compressional velocity and density were constrained by a Poisson’s ratio of 0.2405 and Birch’s
law of p=0.655+634 where p is density in kg/m®and g is shear velocity in meters/second.

The top 2 km of the structure were constrained to have a shear velocity of 3025 m/s
corresponding to the shear velocity of the calculation, and the Poisson’s ratio and Birch’s law
given above ensured that the top two km had the same compressional velocity (5175 m/s) and
density (2600 kg/m?®) as the calculation. The amplitudes were also inverted for Q structure, but
that was less successful as the distances are short and amplitude variations due to earth structure
that are not captured by the plane layered models dominate over attenuation variations. Figure 21
shows the earth models from surface wave inversion and the corresponding dispersion curve data
fits. The low velocities at ~15 km depth for the INCN path are probably due to slight
underdamping of the inversion.
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Figure 21. Earth models from surface wave inversion (left) and phase (ccal, cobs) and group
velocity (ucal, uobs) data fits (right).

Figure 22 shows a comparison of point source fundamental mode surface waves calculated from
the structures shown above with the data for each station, plotted as waveforms and spectra. All
have been low pass filtered at 0.08 Hz. The waveforms and spectra generally agree quite well.
The worst fit is at ENH which has an odd spectral shape (also noticeable in Figure 20) exhibiting
some spectral enhancement at frequencies near 0.1 Hz and a deficiency at lower frequencies.
Moments were allowed to vary in the calculations shown in this figure. The moments were
7.37x10%, 6.14x10%°, 6.76x10%, 8.29x10%°, 9.21x10% Nt-m for MDJ, INCN, BJT, HIA and
ENH, respectively. Mean value is 7.55x10*® Nt-m. As noted earlier, the surface waves for these
events are quite large. Stevens and Murphy give the global scalar moment/yield relation as

logM, =logY +13.91 which would predict a moment of 1.46x10% for a 180 kt explosion, so the
apparent moment of the 2017 explosion is 5 times larger than expected. The scalar moment is
M, =(3,82/a2)M0 where |\/|0 is the isotropic moment of the explosion in the absence of
tectonic release and @ and g are the compressional and shear velocities at the source,

respectively. The factor 3/ ? / a’is very close to one in this case (1.025).
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Figure 22. Waveform (left) and spectral (right) data fits comparing the fundamental mode
surface wave velocity calculated from the inversion and the data from the 2017 explosion. Both
data and calculations have been low pass filtered at 0.08 Hz.

25



4.4.2 Seismic waves at the 5 closest stations

We calculated both fundamental mode and full waveform Green’s functions for the path
structures to the closest 5 stations derived in the previous section. We then convolved these
Green’s functions with each of the CRAMS3D calculations to generate waveforms at each station.
We can then compare these results with the 1D point explosion plane layered waveforms
calculated for the same paths.

Figure 23 shows fundamental mode surface waves for the two 2016 and the 2017 explosions at
the 5 closest GSN stations. The top waveform in each figure is the data low pass filtered at 0.08
Hz, which removes most of the phases other than the fundamental mode surface wave. The
bottom waveform is the fundamental mode surface wave calculated from the three CRAM3D
calculations. The agreement is quite remarkable, particularly considering as noted earlier that the
observed surface wave amplitudes are 5 times the global average. The CRAMS3D calculations
reproduce the surface wave data almost exactly.

Figure 24 shows spectra from the 2016 and 2017 explosions at the 5 closest GSN stations. Each
plot contains five curves: 1) the observed waveform spectra, which is a fast Fourier transform
(FFT) of the full time series from 20 km/s to 1 km/s, 2) full waveform 3D and 1D spectra and 3)
fundamental mode surface wave 3D and 1D spectra. The 1D spectra are point spherical
explosion source calculations at 700m depth in a flat, plane-layered structure, scaled by the
moments inferred during surface wave inversion of 5.24x10%, 8.39x10°, and 7.55x10% Nt-m,
respectively. The 3D spectra are calculated directly from the CRAM3D calculations without any
scaling. In the frequency band from 0.01 to 0.1 Hz, which is dominated by the fundamental mode
surface wave, all spectra are in very good agreement, consistent with the surface wave results
noted above.

In the 0.1 to 1 Hz frequency band, the 3D calculations have larger amplitudes than the 1D
calculations, which is almost certainly due to the nonlinear interaction with the free surface,
including spall, which is not present in the 1D calculations. The data have peaks that are
suggestive of a similar effect, but the peak in the data occurs at lower frequency than the
calculation.

Above 1 Hz, the calculations do not agree with the data very well. Waveforms arriving prior to
the fundamental mode surface wave (cut off at 3.1 km/s) are shown in Figure 25, for the data, 1D
and 3D full waveform calculations. Although phase arrival times are similar in each of the
waveforms, amplitudes are quite different. This is most likely because the earth models derived
from long period surface waves do not have the detail needed to reproduce the higher frequency
amplitudes.

More interesting are the far-field P-waves shown in Figure 26. These are calculated from each
CRAM3D calculation in the direction of each station and at the approximate takeoff angle (from
down) for each. The takeoff angles used were 31 degrees for ENH and 40 degrees for each of the
other stations. Azimuths were listed in Table 4. Amplitudes are inversely proportional to distance
and are calculated for the surface distance to the station divided by the sine of the takeoff angle
(this is just an implementation artifact and does not correspond to the actual distance travelled).
Note the strong pP reflected phase in the 2016 calculations that is nearly absent in the 2017
calculation due to nonlinear interaction with the free surface.
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Figure 23. Calculated and observed fundamental mode waveforms. From left to right: NK2016A
(12.5 kt), NK2016B (20 kt) and NK2017 (180 kt). From top to bottom, stations MDJ, INCN,
BJT, HIA and ENH. Top waveform in each is data, bottom is the surface wave from the 3D

calculation. All are lowpass filtered at 0.08 Hz.
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Figure 24. Spectra from waveform calculations. From left to right: NK2016A (12.5 kt),
NK2016B (20 kt) and NK2017 (180 kt). From top to bottom, stations MDJ, INCN, BJT, HIA
and ENH. Each plot contains the observed waveform spectra, full waveform 3D and 1D spectra
and fundamental mode surface wave 3D and 1D spectra.
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Figure 25. Data (top), 1D (middle) full waveform and 3D (bottom) full waveforms generated
from the NK2017 CRAM3D runs at five stations.
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Figure 26. Far field P-waves 1000 km below the source at the azimuth and takeoff angle of each
of the 5 closest GSN stations. From left to right: NK2016A (12.5 kt), NK2016B (20 kt) and
NK2017 (180 kt). From top to bottom, stations MDJ, INCN, BJT, HIA and ENH. All are
lowpass filtered at 5 Hz.
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The pP reduction effect is also apparent in the data. Figure 27 shows the data from the 2017 and
2016B explosions recorded at the two closest stations MDJ and INCN. The reflected pP phase is
clearly reduced in amplitude at both stations for the 2017 explosion relative to 2016B.
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Figure 27. The pP phase is smaller in the 2017 explosion that in the 2016B explosion. The top

figure in each plot above is the first arriving P-wave from the 2016 explosion and bottom is from

2016B. Left waveforms are from MDJ and right from INCN. All lowpass filtered at 5 Hz.

4.4.3 Comparison with Weston Geophysical Results

Yoo and Reiter (2017)?, from Weston Geophysical Corporation, presented an analysis of body
waves from the 2006-2016 North Korean explosions. In the following two figures we have
plotted data from four events and the equivalent four calculations, using the same color scheme
for ease of comparison. Figure 28 shows calculated P-waves to the North and South for 4 events
and Figure 29 shows the corresponding P-wave data for MDJ and INCN. As in the Yoo and
Reiter study and in the data, we find a substantial increase in the pP phase to the north, caused by
reflection off of a (nearly) optimally placed mountain slope. The 2017 event is different, as the
nonlinear interaction with the free surface reduces the pP phase, which is observable in both the
data and the calculations.

2 Yoo, S. and D. Reiter, “The Influence of Topography on Regional P-Wave Observations from
the North Korean Underground Nuclear Tests,” presentation at April 2017 Seismological Society
of America meeting.
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Figure 28. Calculated P-waves to the north (top) and south (bottom) for four events (calculations
NK 540, NK2016A, NK2016B and NK2017). Bandpass filtered 0.5 to 5 Hz.
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2009, 2016A, 2016B and 2017. Bandpass filtered 0.5 to 5 Hz.
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4.4.4 Tectonic Release

We performed two additional calculations with tectonic strain release. Earlier studies (Murphy et
al, 2013; Stevens and Thompson, 2015; Stevens et al, 2017a) have shown that tensile tectonic
stresses increase surface wave amplitudes, while compressive stresses decrease and in some
cases invert them. The North Korea test site is in a region of north-south extension (Murphy et
al, 2013), which would tend to increase surface waves in that direction. The stress state in the
east-west direction is unknown. The earlier studies all used a flat surface without topography.
While the equilibrium stress state is not unique, we usually make the assumption that the
horizontal stresses are released completely where there is topography. This gives a very stable
equilibrium solution and has an

effect similar to tensile tectonic 0
release. That is, the effect of N
topography is to reduce the
horizontal stresses around the
explosion. However, tectonic
stresses  cannot  reduce the
horizontal stresses within the
mountain any further, so they
only apply beneath the mountain.

Depth (m)

Figure 30 shows the stress state in 800
the region outside the mountain.

Shmin is in the northerly

direction (X direction in the 10000
CRAM3D calculation). Below
100 meters the tectonic stress is
tensile (horizontal stress in the X

10 20 30
Stress (MPa)

Figure 30. Prestress used in the NK2017TR calculation.

direction is reduced), consistent Dashed line shows limiting prestress with a coefficient of

with equilibrium with frictional friction of 0.6.

sliding with a coefficient of friction of 0.6. We use no prestress for the upper 50 meters, and then
an increase to frictional equilibrium in the next 50 meters. Under the mountain, we use the same
prestress, applied as a reduction in horizontal stress in the X direction, at a constant elevation
throughout the grid. No prestress is applied within the mountain. In the Y direction, we apply a
small (1%) compressive prestress. The initial pressure and change in X stress state are shown in
Figure 31.
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Figure 31. Left: initial pressure state with prestress. Right: Change in initial horizontal stress
state due to prestress. Note that pressure is positive in compression and stress is positive in
extension.
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Because the change in stress state due to prestress is primarily below the explosion, the effect on
seismic waves is reduced compared to earlier calculations without topography, however it still
has some effect, as shown in Figure 32. Surface waves are increased in amplitude noticeably at
MDJ and INCN, and slightly at HIA. The calculated surface waves fit the data remarkably well
with or without tectonic strain release.
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Figure 32. Calculated surface waves with and without tectonic release. With tectonic release
(TR), surface waves are larger in the direction of extension, at MDJ and INCN.
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We did one final calculation with
compressive tectonic stresses. The
prestress field is shown in Figure
33. Compressive prestress close to
the limiting stress for a coefficient
of 0.6 was applied in the N-S
direction, and a small compressive
stress was applied in the E-W
direction. As with the tensile
prestress calculation, the prestress

was only applied beneath the
mountain and the mountain
remained in a state where

horizontal prestress was released by
the sides of the mountain.

As  expected, surface wave
amplitudes were reduced by the
compressive prestress, but only by

5.4 .
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Figure 33. Prestress used in the NK2017TH calculation
with compressive prestress. Dashed line shows limiting
prestress with a coefficient of friction of 0.6.

a small amount for a source at the base of the mountain (Figure 34). Ms from calculated surface
waves are close to the observed Ms of 5.2 (See Figure 6 and Table 1).

53¢

4.9r

4.8

NK2017

NK2017TR

NK2017TH

Figure 34. Meanztstandard deviation of Ms from surface waves calculated at the locations of the
five closest stations without tectonic release (NK2017), with tensile tectonic release
(NK2017TR) and with compressive tectonic release (NK2017TH).
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4.4.5 Ms from all calculations and an explanation of the North Korean Ms
anomaly

Ms was calculated for all waveforms derived using both the North Korean earth structure at a
common distance of 2000 km and 8 uniformly spaced azimuths, and the specific structures to
each of the 5 closest stations. Ms was calculated using Russell’s procedure for evaluating Ms at
20 seconds, and these are listed in Table 5. The average 5 station Ms values are about 0.08
magnitude units higher than the uniformly distributed 8 station Ms values.

Table 5. Ms measured from calculated surface waves

Calculation Yield (kt) Depth (m) Ms (5 Station) Ms (8 Station)
NK2017 180 730 5.124+0.023 5.03710.007
NK2017TR 180 730 5.16710.037 5.07810.028
NK2017TH 180 730 5.051+0.031 4.966+0.018
NK2016B 20 730 4.209+0.022 4.120+0.007
NK2016A 12.5 730 4.049+0.040 3.955+0.025
NK-100 12.5 100 3.333+0.072 3.244+0.054
NK-200 12.5 200 3.652+0.045 3.561+0.039
NK-540 12.5 540 3.851+0.028 3.762+0.019
NK-800 12.5 800 3.694+0.026 3.605+0.014

Ms measured from the surface waves derived from the calculations at four depths (NK-100 to
800) at the 8 azimuths in the North Korean structure are shown in Figure 35. There are several
interesting observations to be made from this plot. First, there is a maximum in the surface wave
magnitude at the 540 meter depth. There are two reasons for this: 1) at the 800 meter depth, the
pressure is higher and that reduces the surface wave amplitudes; 2) at 100 and 200 meters, the
horizontal displacement caused by the explosion moves the sides of the mountain into the air
causing less of the surface wave to propagate. This effect was discussed by Stevens et al (1993).
The long period surface waves from a shallow explosion are generated almost entirely by the
horizontal displacement outside the source, so when the displacement is relieved by the side of
the mountain, long period surface waves are reduced. One other effect that increases the size of
the surface wave at 540 meters is that both the pressure and horizontal stress under a mountain
are lower than the pressure and horizontal stress at the same depth in a flat-layered structure. In
addition to the amplitude reduction within the mountain, there is also more azimuthal variability,
especially at the 100 meter depth, due to asymmetry caused by differences in the distance to the
slope in different directions.
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Figure 35. Long period surface wave magnitudes calculated from the four CRAM3D calculations

at depths from 100-800 meters. These are 20 second magnitudes measured from fundamental
mode surface waves low-pass filtered at 0.1 Hz. Each point corresponds to a different azimuth.
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Figure 36. Ms-log(yield) for all calculations using the paths to the five closest stations.

Figure 36 shows Ms-log(yield) for all calculations performed, using the paths to the 5 closest
stations. The global average value for Ms-log(yield) from all nuclear explosions is 2.1 (Stevens
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and Murphy, 2001), so these values are consistent with the high Ms observed for the North

Korean explosions.

Figure 37 compares the observed and calculated Ms for the 2016 and 2017 events. Agreement is

very good.

5.5

3.5

5.5

3.5

I
E
I
2016A 2016B 2017
Calculated
X
E
I
NK2016A NK2016B NK2017

Figure 37. Top: Ms and standard deviation measured from the observed surface waves at the five
closest stations for the 2016 and 2017 explosions. Bottom: Ms and standard deviation measured
from the calculated surface waves at the five closest stations for the 2016 and 2017 explosions.
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Given the excellent agreement between observed and calculated surface waves from the North
Korean explosions, why are they so anomalous compared to the global data set? As noted above,
there is an amplification effect for an explosion at the base of a mountain, but this only explains
part of the difference. To understand where the rest of the difference likely comes from, we need
to look at Ms vs. depth for explosions in a flat structure. Stevens et al (2017) did a series of
axisymmetric finite difference calculations covering a range of depths from 150 to 1000 meters
for a 12.5 kiloton explosion using the same material model used in our 3D North Korean
calculations. They did the calculations with no prestress and with compressive and tensile
prestress, and then calculated surface waves and measured Ms for all of the calculations. The
results are shown in Figure 38.
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Figure 38. Ms vs. depth from axisymmetric calculations in a flat layered structure from Stevens
et al (2017). Blue crosses are for a point explosion source calculated using a 1D spherically
symmetric finite difference code. The dashed line is the expected Ms from the global data set
(Stevens and Murphy, 2001). Black symbols indicate phase reversals.

There are several observations to be made from this plot:

1. The spherically symmetric calculations show the effect of changes in pressure with depth,
without the surface nonlinear interaction. There is a gradual decrease in Ms with
increasing depth.

2. The free surface interaction strongly affects the surface waves, decreasing Ms
substantially at shallow depths as the nonlinear interaction with the free surface
decreases. This is similar to the effect described by Patton and Taylor (2008) and Patton
(2016). There is a more surprising increase in Ms relative to the 1D calculations for
deeper events that is caused by increased horizontal motion near the spall depth.

3. Tectonic release strongly affect the surface waves, particularly compressive tectonic
release, which reduces Ms by 0.3 magnitude units or more. Compressive tectonic release
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combined with the free surface interaction causes phase-reversed Rayleigh waves for
depths less than about 275 meters (scaled depth 120 meters/kt?).

Both explosion depths shallow enough to have a strong free-surface interaction and compressive
tectonic stresses are common conditions for the historical database of nuclear tests, and even
with tensile tectonic stresses, for shallower events the free surface effect is stronger, causing a
reduction in Ms. This causes a negative bias in the historical Ms data set.

The presence of strong topography such as the North Korean test site changes this in three ways:

1. Stress release by the sides of the mountain cause both the pressure and horizontal stresses
to be reduced at the base of the mountain relative to an explosion at the same depth in a
flat-layered structure, causing an amplification of the surface wave.

2. Since tectonic stresses in general will not extend up into the mountain (because the sides
of the mountain would release them), the effect of tectonic stresses on the surface waves
is reduced relative to a flat-layered structure.

3. Because the nonlinear effects occur near the top of the mountain, their effect on surface
waves are reduced for the same reason that surface waves are reduced for an explosion
inside the mountain. That is, the horizontal deformation caused by the nonlinear
interaction with the free surface displaces the sides of the mountain instead of generating
a long period surface wave.

Figure 39 shows a comparison of scaled Ms vs. scaled yield for four hard rock sites. Note the
similarity between the Balapan test site and the axisymmetric calculations, with a distinct
decrease with decreasing scaled depth and Ms comparable to the Ms calculated for a region with
tectonic compression. Degelen similarly shows low values at shallow depths, but more of a
range, with the largest scaled Ms approaching that of the North Korean events. This is very likely
due to the effects of topography at the Degelen test site, which is in a larger, broader mountain
than North Korea, so it appears that the Degelen Ms values range from the low values expected
for an explosion in a flat-layered structure to the high values expected in a region with strong
topography.
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Figure 39. Left: Ms-Log(Yield) vs. scaled depth for axisymmetric calculations. Black circles
indicate phase reversals. Right: Ms-Log(Yield) vs. scaled depth for North Korean, Degelen,
Balapan and Climax Stock (NTS) hard rock explosions. Data is from Patton (2016).
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The effects of the free surface and topography are summarized in Figure 40. As noted before,
long period surface wave generation is controlled by the subsurface horizontal displacement. A
subsurface explosion, or an explosion near the base of the mountain, causes an outward
horizontal displacement, generating a surface wave, however as the explosion moves up into the
mountain, the explosion moves the side of the mountain, with a reduction in subsurface
displacement. The explosion causes substantial nonlinear deformation between the explosion and
the free surface. In a flat structure, this nonlinear deformation causes an inward motion, reducing
the surface wave amplitude. That is, as nonlinear deformation moves the material above the
explosion upward, material moves in from the sides. In a medium with strong topography,
however, the nonlinear deformation occurs inside the mountain, concentrated near the surface.
Horizontal stresses are reduced by the sides of the mountain, so there is little if any inward
motion, and motion in either direction has little effect on the surface waves because the motion
affects the sides of the mountain instead of subsurface displacement.

Surface Waves are generated p N B _
e = ~ > =

by horlzontalsubsurface =N = B

e dlsplacement
Tectonic _p ‘4___ o —_— ‘ ‘ Tectonic

Stress Stress

<:>4__._, =)

Explosion at Base of
Mountain

Explosion in Flat Earth Explosion inside Mountain

Figure 40. Long period surface wave amplitudes depend on the subsurface horizontal
displacement: the solid vertical lines on the sides of each figure. In a flat earth, the explosion (red
circle) generates an outward displacement on this surface, but the nonlinear free surface effects
(gold region) generate an inward motion, reducing the surface wave from the explosion. When
the explosion is at the base of the mountain, it still causes a horizontal displacement in the earth,
but the nonlinear free surface effects just move the sides of the mountain and have little effect on
surface wave generation. When the explosion is inside the mountain, it moves the sides of the
mountain instead of the subsurface, so surface wave generation is reduced.
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4.4.6 Far-field body wave depth dependence with topography

P-wave amplitudes low-pass filtered at 5 Hz are shown in Figure 41. These are measured
from downgoing P-waves leaving the source at a 20 degree takeoff angle from vertical
into an infinite medium with the same material properties as the source region, at a
distance of 2924 (1000/sin(20)) km. This allows us to see a clean P-wave signal that
includes all surface reflections but is undisturbed by the structure along the propagation
path. There is much less variability and depth dependence in the P-wave than in the
surface wave, however there are high amplitude P-waves in the direction to the north of
the test site. This is a focusing effect caused by the slope above the explosion (Figure 42).

P-wave 5 Hz

1073
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Figure 41. P-wave amplitudes calculated from the four CRAM3D calculations at depths
from 100-800 meters, all low-pass filtered at 5 Hz. The high amplitudes at 540 and 800
meters depth correspond to directions of pP focusing.

As noted earlier, there is also some yield dependence to the pP phase because of the
stronger nonlinear interaction with the free surface for larger events. Figure 42 shows P-
waves calculated for a range of azimuths with a take-off angle of 20 degrees. Because of
focusing by the mountain, the pP phase is larger than the direct P phase in certain
directions (90 degrees is north, where the reflection is largest). Again the pP phase is
reduced for the 2017 calculation relative to 2016.
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4.4.7 Regional and local waveforms
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Figure 42. P-waves calculated for a range of azimuths and a takeoff angle of 20 degrees.

Full waveform seismograms were calculated from all cram3D calculations for azimuths
from zero to 360 degrees at 45 degree intervals and at distances of 10, 25, 50, 100, 250,
500 and 1000 km. Examples are shown in Figure 43 at 10 km and Figure 44 at 1000 km.
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Figure 43. Waveforms 1 to 3 seconds after the explosions for all 8 calculations at 10 km

distance. Scale gives the peak amplitude in meters.
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There are small differences in the waveforms from all of the calculations at each distance.
The full set of pictures is given in Appendix A. The most obvious difference is between
the largest calculations (2017 and 2017TR) and the smaller calculations at 1000 km as
shown in Figure 44. Much of the high frequency energy is reduced relative to the lower
frequency energy. This is most likely a corner frequency effect, with the corner frequency
of the explosion source function reduced for the largest events. This can be seen more
clearly in Figure 45, which shows the spectra calculated from the waveform segments in
Figure 44, which clearly shows the reduction in high frequency energy for the 2017
event. There is also an increase in the 2017 spectra just below 1 Hz which is most likely

due to spall.
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Figure 44. Waveforms 100 to 300 seconds after the explosions for all 8 calculations at

1000 km distance.
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4.5 Surface wave generation

It was mentioned earlier that long period surface waves are generated almost entirely by
the static horizontal displacement after the explosion. In this section, we look at this
effect in more detail. The representation theorem used to calculate the waveforms is
repeated below. The first term in this integral corresponds to surface waves generated by
stresses on the monitoring surface, and the second to surface waves generated by
displacements on the monitoring surface. The relative sizes of these two terms at 20
seconds is illustrated in Figure 46. The second (displacement) term dominates in all
cases. The stress term is only significant for the shallowest explosion inside the mountain
(NK_100).
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Figure 46. Relative sizes of stress and displacement terms in the representation theorem
calculation at 20 seconds for surface waves for all of the calculations. Sh and ShNK refer
to the flat Shoal calculation and the Shoal calculation embedded in the North Korean
structure.

Figure 47 shows the importance of the displacements normal to the sides of the
monitoring surface. The figure shows the ratio of the second (displacement) term in the
representation theorem integrated only over the sides to the total displacement. This
shows that the long period surface waves are almost entirely generated by the horizontal
displacement. This is illustrated with the Shoal calculation in Figure 48.
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Figure 47. Ratio of the amplitude of the second (displacement) term in the representation
theorem integrated over the sides to the total displacement. Long period surface waves
are generated primarily by the static horizontal displacement.
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Figure 48. Illustration using the Shoal calculation. The horizontal displacement on the
sides of the monitoring surface generates almost all of the long period surface waves.

Figure 49 shows the displacements on two of the monitoring surfaces (except Shoal,
which is symmetric) for each of the North Korea calculations. The displacements are
concentrated near the surface for all of the calculations. The deepest calculation at 800
meters has more displacement at depth, but of lower magnitude. Figure 50 shows the
geometry of the North Korean calculations identifying the sides shown in Figure 49 and
the location of the monitoring surface.
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Figure 50).
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5. Conclusions

We have used three-dimensional nonlinear calculations of explosions at the North Korean
test site, together with the representation theorem, to determine the effect of topography
and depth on local and regional phases, as well as long period surface waves and far-field
body waves. We completed five three-dimensional nonlinear finite difference
calculations using the topography of the North Korean test site at the estimated location
and depth of the September 2017 nuclear test, with yields of 12.5, 20 and 180 kilotons,
plus two additional calculations at 180 kilotons that includes tensile and compressive
tectonic stresses.

We calculate large displacements of 2-4 meters on the mountain surfaces near the 2017
explosion, but very little displacement on the surface directly above the explosion which
is very close to the mountain peak. This is most likely due to the topography with gravity
increasing displacement on downhill slopes, and is consistent with observations of
surface motion for this event.

We find that the topography increases the amplitude of the surface reflected pP phase for
all events at this test site, however the effect is reduced for the 2017 explosion because of
strong nonlinear interaction with the free surface (Figure 51).
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Velocity (m/s)
Velocity (m/s)

15 2 2.‘5 3 3.5 4 15 2 2;5 3 35
Time (s) Time (s)

Figure 51. P-waves calculated for a range of azimuths and a takeoff angle of 20 degrees.

Left: NK2016B calculation; Right: NK2017 calculation. Lowpass filtered at 5 Hz.

Azimuth is clockwise from north, zero is north.

The North Korean explosions appear to be anomalous in generating much larger surface
waves than are expected based on surface waves observed from buried explosions in
other areas. However, surface waves derived from the calculations are very consistent
with the observed surface waves (Figure 52. See also the waveform comparison in Figure
23). This is really quite remarkable considering how large the surface waves are
compared to the global surface wave data set from other explosions. Calculations show
that explosions at the base of a mountain have amplified surface waves, which explains
part of the anomaly. The mountain reduces horizontal stress, which has an effect similar
to tensile tectonic stress, so added tensile stress causes only a small additional
amplification. Similarly, compressive tectonic stress causes only a small reduction in
surface wave amplitudes.
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Figure 52. Left: Ms and standard deviation measured from the observed surface waves at
the five closest stations for the 2016 and 2017 explosions. Right: Ms and standard
deviation measured from the calculated surface waves at the five closest stations for the
2016 and 2017 explosions.

In addition to the effect of topography, the remaining surface wave anomaly appears to
be due to bias in the global data set caused by surface wave reduction due to the free
surface interaction and compressive tectonic release. Figure 53 shows a comparison of
scaled Ms vs. scaled yield for a series of axisymmetric calculations and Ms vs. scaled
yield for four hard rock sites. Data from the Balapan site is a good match to calculations
with compressive tectonic release. Ms is decreased both by the compressive stress and the
free surface interaction. Degelen similarly shows low values at shallow depths, but more
of a range, with the largest scaled Ms approaching that of the North Korean events. This
is most likely due to the effects of topography at the Degelen test site, which is in a
larger, broader mountain than North Korea, so it appears that the Degelen Ms values
range from the low values expected for an explosion in a flat-layered structure to the high
values expected in a region with strong topography.
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Figure 53. Left: Ms-Log(Yield) vs. scaled depth for axisymmetric calculations. Black
circles indicate phase reversals. Right: Ms-Log(Yield) vs. scaled depth for North Korean,
Degelen, Balapan and Climax Stock (NTS) hard rock explosions. Data is from Patton
(2016).
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Appendix A. Waveform plots for all calculations

In this appendix, we show all of the waveform plots from all of the calculations at
distances from 10 to 1000 km and at azimuths in increments of 45 degrees. The header on
each figure shows the distance in km and azimuth in degrees, the legend shows the
calculation, and the number at the right is the peak amplitude in m/s. All plots use a fixed
group velocity window of 10 km/s to 3.45 km/s, which cuts off the large surface wave
which would otherwise dominate each plot.
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List of Symbols, Abbreviations, and Acronyms

AFRL
DOS
DPRK
GSN
TOA

Air Force Research Laboratory
Department of State

Democratic People's Republic of Korea
Global Seismographic Network
Take-off Angle
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