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[11 Regional and teleseismic waveforms of underground nuclear explosions (UNEs) at the
Balapan and the Nevada test sites are analyzed to understand the nature of shear waves
excited from UNEs. The phase composition of wavefields in the source and receiver
regions is examined using a source array frequency-wave-number analysis and
polarization analyses. It is observed that regional mantle-lid shear waves, Sn, often
develop strongly. On the other hand, observed teleseismic shear waves from UNEs are
much weaker than those from earthquakes. Source array analyses of the shear waves from
UNE:s display coherent energy that is polarized in a certain azimuthal direction. The
observation of coherent shear energy in different UNEs suggests that the shear energy is
excited in a consistent manner at every UNE. We constrain the dominant shear wave
excitation mechanism from the observed shear wave features. The observations appear to
be consistent with the tectonic release model with conical rock cracking.

Citation: Hong, T.-K. (2010), Regional and teleseismic analysis of underground nuclear explosion waveforms and constraints
for shear wave excitation mechanisms, J. Geophys. Res., 115, B06306, doi:10.1029/2009JB006368.

1. Introduction

[2] Understanding the mechanism of shear wave excita-
tion from underground nuclear explosions (UNEs) is a key
issue for successful discrimination of UNEs from natural
earthquakes. Various mechanisms have been proposed to
explain the excitation of shear waves from UNEs. The
proposed mechanisms include Rg-to-S scattering [e.g.,
Gupta et al., 1992; Myers et al., 1999], §* [e.g., Gutowski
et al., 1984; Vogfjord, 1997], tectonic release [e.g., Toksdz
and Kehrer, 1972; Ekstrom and Richards, 1994], rock
cracking [e.g., Massé, 1981], and spall [e.g., Stump, 1985;
Day and McLaughlin, 1991]. However, the community has
not reached consensus on the major shear wave excitation
mechanisms yet.

[3] The dominant shear wave excitation mechanisms may
be possibly resolved from phase composition and shear
wave radiation patterns in the source region. Recent
advances in source array analysis of regional and tele-
seismic records allow us to examine the phase composition
of wavefields in the source region [Hong and Xie, 2005;
Hong and Menke, 2008]. Because the source array analysis
is based on the seismic records of events that occurred at
different origin times, it naturally suppresses the influence
of seismic noise that varies with time. Thus, the source
array analysis enables us to resolve the time-invariant features
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of phases. It was recently reported that S phases are uniquely
excited from the source region [Hong and Xie, 2005; Hong
and Menke, 2008].

[4] Comparison of shear-energy composition between
regional and teleseismic wavefields is important for under-
standing the dependency of shear-energy excitation on the
take-off angle. Regional phases are generated by energy
radiated from the source at large take-off angles. These
waves naturally travel through the crust and/or the mantle
lid. On the other hand, teleseismic waves evolve from the
energy radiated near vertically from the source and travel
mostly through the mantle and the core. Investigation of
regional and teleseismic phase compositions will then allow
us to infer the nature of the sources responsible for shear
wave excitation. In this study, we analyze regional and
teleseismic records for UNEs in the Balapan and Nevada
test sites.

2. Data

[5s] Seismic records for the Balapan UNEs during 1975—
1985 and the Nevada UNEs during 1988—1992 are collected.
Ground-truth or high-precision information for event loca-
tions and origin times are available from various sources
[Adushkin et al., 1997; Kim et al., 2001; Thurber et al., 2001;
Trabant et al., 2002; Springer et al., 2002]. The source
parameters of the Balapan and Nevada UNEs analyzed in
this study are presented in Tables 1 and 2.

[6] The magnitudes (m,;) of the Balapan UNEs range
between 5.4 and 6.1, while those of the Nevada UNEs are
between 5.3 and 5.9. The depths of the Balapan UNEs are
359-708 m, and those of the Nevada UNEs are 542—674 m.
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Table 1. Source Parameters of the Balapan UNEs Analyzed in This Study®

Date Time Lat. (°) Long. (°) Dep. (m) my Station (time shift in s)

12/27/1974 05:46:59.35 49.965 79.003 416 5.5 K(-3.68)

10/29/1975 04:46:59.82 49.953 78.873 433 5.6 K(=7.67)

12/25/1975 05:16:59.65 50.043 78.820 435 5.6 K(-5.67)

07/04/1976 02:56:59.94 49.904 78.899 444 5.8 K(-9.38)

08/28/1976 02:56:59.99 49.975 78.926 448 5.7 K(-8.37)

11/23/1976 05:02:59.75 50.013 78.943 453 5.7 K(-9.31)

12/07/1976 04:56:59.85 49.943 78.839 454 5.8 K(—5.80)

05/29/1977 02:57:00.01 49.946 78.771 460 5.7 K(2.42)

09/05/1977 03:02:59.86 50.055 78.914 468 5.7 K(12.51)

06/11/1978 02:57:00.08 49.913 78.801 487 5.8 K(-52.74)

08/29/1978 02:37:08.75 50.006 78.967 494 5.9 K(3.36)

09/15/1978 02:36:59.90 49.928 78.861 496 5.8 K(2.42)

06/23/1979 02:57:00.02 49.914 78.845 521 6.1 K(-3.39)

07/07/1979 03:46:59.81 50.033 78.989 522 5.8 K(5.38)

08/04/1979 03:56:59.97 49.903 78.887 526 6.1 K(10.86)

08/18/1979 02:51:59.61 49.948 78.918 528 6.1 K(9.02)

10/28/1979 03:16:59.45 49.996 78.995 538 5.9 K(13.93)

06/29/1980 02:33:00.19 49.948 78.818 552 5.6 K(3.21)

10/12/1980 03:34:16.58 49.967 79.022 558 5.8 K(10.34)

03/29/1981 04:03:52.51 50.018 78.978 568 5.4 K(=3.08)

09/13/1981 02:17:20.76 49.913 78.894 577 6.0 K(-0.88)

10/18/1981 03:57:05.14 49.928 78.844 582 6.0 K(—4.99)

12/27/1981 03:43:16.62 49.933 78.778 587 6.1 K(-1.75)

12/05/1982 03:37:15.04 49.930 78.809 604 6.0 K(0.91)

12/26/1982 03:35:16.68 50.063 78.993 606 5.5 K(-2.45)

02/19/1984 03:57:05.85 49.896 78.743 632 5.7 K(=5.77)

03/29/1984 05:19:10.66 49911 78.926 634 5.8 K(-0.73)

04/25/1984 01:09:05.99 49.935 78.850 636 5.9 K(0.38)

12/16/1984 03:55:05.07 49.945 78.808 657 6.1 K(-0.92)

02/10/1985 03:27:09.98 49.899 78.780 659 5.8 K(0.94)

04/03/1987 01:17:10.28 49.918 78.780 671 6.1 C(-0.05)

06/20/1987 00:53:07.09 49.935 78.744 518 6.0 C(—0.04), W(-0.02)

08/02/1987 00:58:09.27 49.880 78.874 683 5.8 C(0.11)

11/15/1987 03:31:09.08 49.898 78.758 499 5.9 W(=0.11)

12/13/1987 03:21:07.31 49.963 78.793 530 6.0 C(0.08), H(0.04), T(0.26), W(0.17)

12/27/1987 03:05:07.00 49.879 78.725 530 6.0 C(-0.12), T(0.16), W(-0.26)

02/13/1988 03:05:08.32 49.936 78.863 526 5.9 H(0.09), T(0.25), W(0.12)

04/03/1988 01:33:08.29 49.908 78.908 502 5.9 C(0.13), H(-0.01), T(0.43), W(-0.06)

05/04/1988 00:57:09.26 49.949 78.750 519 6.0 T(=0.27), W(0.09)

09/14/1988 03:59:59.69 49.877 78.823 518 6.0 C(0.14), H(-0.12), M(-0.12), T(=0.19),
W(-0.16)

12/17/1988 04:18:09.29 49.881 78.924 642 5.8 M(0.08), L(0.01), T(—0.09), W(0.03)

01/22/1989 03:57:09.02 49.939 78.819 708 6.1 C(-0.09), H(=0.08), M(-0.07), L(-0.08),
T(-0.27)

02/12/1989 04:15:09.34 49.918 78.711 572 5.8 C(-0.06), H(0.10), M(0.11), L(0.10),
T(=0.08), W(0.20)

07/08/1989 03:47:00.03 49.867 78.780 359 5.5 C(0.03), H(—0.04), L(0.07), W(0.07)

10/19/1989 09:49:59.81 49.922 78.908 455 5.8 C(-0.16), H(0.03), M(-0.00), L(—0.09),

T(~0.20), W(~0.06)

*The depth values are collected from Hong and Xie [2005], who calculate the depths from a relationship between magnitudes and depths. Seismic
records are collected from seven GSN stations: COL (C), HIA (H), KHC (K), KMI (M), LZH (L), TOL (T), WMQ (W). The names of stations used are
presented for each event. The time shifts made in the waveform alignment are annotated at every station.

The events were recorded by regional and teleseismic stations
of the Global Seismographic Network (GSN) (Figures 1
and 2). We choose spatially clustered UNEs for a source
array analysis. The seismic data are corrected for the
instrument responses before analyses.

[7] The Balapan test site is placed on the Precambrian and
Paleocene hard-rock basement [Levashova et al., 2003]. The
Nevada test site is placed on volcanic rock regions with host
rocks of either rhyolite or tuff [Springer et al., 2002].

3. Methods

3.1.

[s] We examine the phase composition in the source
region using a source array analysis. A source array is based

Source Array Slowness-Wave-Number Analysis

on single-station waveforms for spatially clustered events
occurring at different origin times. The source array records
are often misaligned due to the errors in event locations,
origin times, or recording times. The misalignment of source
array records can be corrected by aligning a certain phase
with respect to a reference travel-time curve based on a
global Earth model. We use the 1-D reference Earth model
ak135 of Kennett et al. [1995] for calculation of the refer-
ence travel-time curve. The phase alignment is done using a
cross-correlation technique [Hong and Xie, 2005].

[v] We perform a frequency-wave number (F-K) analysis
to identify the phase velocities and the propagation direc-
tions of coherent waves observed over the array. A source
array F-K analysis resolves the phase composition in the
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Table 2. Source Parameters of the Nevada UNEs?*
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Date Time Lat. (°) Long. (°) Dep. (m) my Station (time shift in s)
02/15/1988 18:10:00.09 37.314 —116.472 542 5.4 C(-0.05), F(-0.14)
06/02/1988 13:00:00.09 37.260 —116.442 620 5.5 C(0.06), F(=0.03), P(—0.33)
07/07/1988 15:05:30.07 37.252 —-116.378 622 5.9 P(-0.46)
08/17/1988 17:00:00.09 37.297 —-116.307 616 5.6 C(0.03)
06/22/1989 21:15:00.08 37.283 -116.413 544 5.4 C(0.02), P(0.14)
06/27/1989 15:30:00.02 37.275 —116.354 640 5.3 P(0.16)
10/31/1989 15:30:00.09 37.263 —116.492 564 5.8 A(=0.10), C(=0.10), F(—0.04), R(—0.07)
12/08/1989 15:00:00.09 37.231 —-116.410 601 5.7 A(=0.06), C(-0.00), F(0.31), P(0.16), R(0.05)
06/13/1990 16:00:00.09 37.262 —116.421 674 5.8 A(—0.03), C(=0.00), F(—0.05), R(—0.00)
10/12/1990 17:30:00.08 37.248 —116.495 600 5.8 A(-0.07), C(-0.13), F(—0.06), R(—0.04)
11/14/1990 19:17:00.07 37.227 —-116.372 594 5.7 C(0.03)
04/04/1991 19:00:00.00 37.296 —116.314 629 5.6 C(0.05)
04/16/1991 15:30:00.07 37.245 —116.443 642 5.6 A(0.19), C(0.11), P(0.17), R(0.02)
09/14/1991 19:00:00.08 37.226 —116.429 658 5.8 A(—0.10), C(-0.03), F(0.03), P(0.13), R(—0.05)
03/26/1992 16:30:00.00 37.272 —116.361 622 5.6 A(0.18), C(—29.98), P(0.01), R(0.10)

Seismic records are collected from five GSN stations: ANMO (A), COR (R), COL (C), PAS (P), and PFO (F). The names of stations along with the

time shifts are displayed for every event.

source region. The F-K analysis is based on a stacked
slowness power spectrum, Py, which is given by [Hong and
Xie, 2005]

N
Py (s) :]iVZ|U(sz’Wi)|2/mf’ (1)
=

where w; (j = 1, 2, ---, N) is a discrete frequency, N is the
number of discrete angular frequencies, s is the slowness
vector, and U is a discrete double-Fourier spectrum of array
waveforms. The parameter m; is a normalization (whitening)
factor that corrects for seismic attenuation [Hong and Xie,
2005].

[10] The array analysis yields valid results when the array
aperture is sufficiently small with respect to the curvatures
of incoming wavefronts. Also, the array should be composed
of a sufficient number of array components to increase the

resolution. Spatially clustered nuclear explosions are useful
for a source array analysis. The vertical locations of the
source arrays are determined by the source depths. The
average depth of the Balapan UNEs is 538 m with a standard
deviation of 79 m. The average depth of the Nevada UNEs
is 611 m with a standard deviation of 37 m. Considering the
horizontal apertures of source arrays and the wavelengths of
seismic phases, vertical variations of source array compo-
nents are negligible. Thus, the source arrays can be assumed
to be placed on common horizontal planes [Hong and Xie,
2005]. The high-precision information of event locations
enables us to accurately resolve the phase composition of
coherent waves in the array records.

3.2. Polarization Analysis

[11] The presence of shear energy in waveform records
can be examined using polarization analyses that estimate

0

750 1500

km

-160°

-140° -120°

Figure 1. Location maps of underground nuclear explosion (UNE) test sites and stations: (a) the Balapan
test site and (b) the Nevada test site. The great circle paths between the UNEs and stations are presented

with solid lines. The UNEs are spatially clustered.
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Figure 2. (continued)

Figure 2. Seismic waveforms on radial components for (a) the Balapan UNEs and (b) the Nevada UNEs. A bandpass filter
between 0.5 and 2.5 Hz is applied. The record sections are normalized for a common level. The event dates are denoted on
the left margins of the record sections. Station names, distances and azimuths are displayed on record sections. Theoretical
arrival times of major seismic phases are marked with dotted lines.
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the direction of polarization, rectilinearity, and planarity of
wave. The horizontal polarization direction of a wave, 1, is
determined by [Vidale, 1986; Jurkevics, 1988]

p = tan™! {ud sign(uzl)} 2)

Uy sign(uz)

where u;; (i = z, n, e) is the direction cosine of the eigen-
vector with the largest eigenvalue for the covariance matrix.
The parameter sign(u,;) accounts for the polarity of the
seismic wave.

[12] The vertical polarization direction of an incoming
wave at a seismic station (¢/,) can be estimated by

¥, = cos™! |1 ]. 3)

Here the vertical polarization direction indicates the appar-
ent vertical incidence angle for a P phase. On the other
hand, the SV wave has an angle 1), that is perpendicular to
its vertical incidence angle. Also, the SH wave is polarized
in a horizontal plane, and its 1), is ~90°.

[13] The rectilinearity, Xrec, is given by [Vidale, 1986;
Jepsen and Kennett, 1990]

A+ A3
4
ey @

Xrec = 1 -

where A;, Ay, and )3, are the eigenvalues for the covariance
matrix in descending order (A\; > Ay > A3). The rectili-
nearity measures the degree of polarization of a wave. The
rectilinearity typically degrades with increase of reflections
and scatterings. The estimates of rectilinearity are expected
to be high for major direct phases, while they are low for
background noises and multipath waves. Also, the planarity,
Xpin» Of @ wave is given by

2)3
L=1— , 5
Xpl /\1 +)\2 ( )

The planarity measures the degree of confinement on a
plane. Weakly polarized waves such as multiscattered waves
have low planarities.

[14] The shear energy ratio can be measured from a ray-
based LOT coordinate system. The L component is in the
direction of incident P wave, the O component is in the SV
polarization direction that is perpendicular to the P direc-
tion, and the 7 component is the third component in the SH
polarization direction. The L component is dominated by P
energy, while the Q and T components are by SV and SH
energies, respectively. The LQOT records can be obtained
from the event-based ZRT-component system [Jepsen and
Kennett, 1990]:

L(¢) cos¢p sing 0] [Z(¢)
|:Q(t):| = [sinqﬁ cos ¢ O} |:R(t):|7 (6)
7(1) 0 0 1][T()

where ¢ is the vertical incidence angle of P, which corre-

sponds to the .(P) in equation (3). The energy of direct

shear waves is mainly recorded on the Q and T components.
[15] The shear energy ratio, Rg, is given by

S o[ () + T2(tm,)]
S o[L2(tm) + O (tm,) + T2(1n,)]

RS(tn) = (7)
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where N is the number of discrete times in a time window,
and m; indicates a discrete point of n + i — N/2. The mag-
nitude of Ry is expected to be close to 1 for direct shear
phases, 0 for direct compressional phases, and ~0.66 for
diffusive waves of which the energy is distributed evenly
over the three components. We apply a 10 s time window
for the polarization analysis.

4. Waveform Features

[16] We examine broadband seismic records of the UNEs
in the Balapan and the Nevada test sites. Figure 2 presents
the seismic waveforms that are bandpass filtered between
0.5 and 2.5 Hz. The waveforms are similar between the
array records. In Figure 3, we compare the waveforms
between stacked records and single-event records at station
KHC of the Czech Seismic Network (CZ). P waves are well
observed at all distance ranges, while moderate amplitudes
of S waves are observed in regional and far-regional dis-
tances (see Figure 4). The regional and far-regional records
of both the Balapan and Nevada UNEs are dominated by
strong Lg waves (stations WMQ, LZH, and HIA for the
Balapan UNEs and stations PAS, PFO, ANMO, and COR
for the Nevada UNE's).

[17] The phase composition in record sections for the
UNE:s appears to vary with frequency. Figure 5 shows the
seismic waveform at station KHC for the Balapan UNEs.
P waves are dominant at high frequencies and are relatively
weak at low frequencies. On the other hand, Love and
Rayleigh waves stand out at low frequencies (Figures Sa
and 5b). Shear waves are observed weakly at low frequen-
cies, while they are hardly observable at high frequencies.

[18] We examine low-frequency shear wave properties
from teleseismic long-period records of two Balapan UNEs
(the 18 October 1981 UNE and the 16 December 1984
UNE) (Figure 6). Love waves are observed at most stations,
which suggests the presence of SH-type energy. Rayleigh
and Love waves are separated over the radial and tangential
components at most stations. This observation suggests that
the observed long-period waves are hardly influenced by
medium anisotropy. We also observe long-period shear waves
on both radial and tangential components at various stations
(e.g., stations KEV, ANTO, and CHTO for the 16 December
1984 UNE in Figure 6¢). These observations imply that the
observed shear waves are not simple SV-type waves but may
be SV-SH combined waves.

[19] The teleseismic phase composition of the Balapan
UNE:s differs from that of a nearby natural earthquake with a
magnitude of m;, = 5.8 and a focal depth of 10 km. Figure 7
presents seismic records of the earthquake. The magnitude
of the earthquake is comparable to those of the Balapan
UNEs. The seismograms of the earthquake display large
amplitudes of S phases (S, SS, SSS) in both radial and tan-
gential components. The amplitudes of S waves from the
earthquake are much stronger than those from the UNEs as
seen in Figure 6. This observation suggests that teleseismic
shear energy is radiated weakly from the UNEs.

[20] The composition of the teleseismic shear energy of
the UNEs also differs from that of the regional shear energy.
Regional seismograms are composed of waves traveling
through either the crust or the mantle lid. Regional waves
develop mainly from the energy radiated at large take-off
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Figure 3. Comparisons of (a) P- and (b) S-wave record sections between a single UNE record and the
stacked record at station KHC. Record sections are bandpass filtered between 0.5 and 2.5 Hz. The stacked
record and the single UNE record display high correlation in the waveforms. Major shear phases such as

S, SS are not observed in the record sections.

angles from the sources compared to the energy-generating
teleseismic waves. Figure 4 presents regional seismograms
of two Balapan UNEs (the 12 October 1980 UNE and the
23 November 1976 UNE). The regional record sections
display prominent mantle-lid shear waves and crustally
guided shear waves (see also record sections of stations PAS
and PFO in Figure 2b). Such strong regional shear waves are
often observed from UNEs in other regions [e.g., Hong et al.,
2008]. The observation of strong regional shear waves sug-
gests that the shear energy may be excited more at high
take-off angles.

[21] It is well known that a significant amount of shear
energy is observed in regional wave trains from UNEs [e.g.,
Hong and Xie, 2005]. However, the shear energy becomes
weak with increasing frequency, while P energy is consis-
tently strong. This feature allows us to use the amplitude
ratios between P and S waves from regional records for
discrimination of nuclear explosions from natural earth-
quakes [e.g., Walter et al., 1995; Taylor, 1996; Xie, 2002;
Ringdal et al., 2002; Fisk, 2006; Hong and Rhie, 2009].

[22] We measure S/P amplitude ratios to understand the
distance-dependent variation of shear-energy composition
in seismic records of UNEs. Shear waves typically prevail in
horizontal components at teleseismic records. Thus, we use
root-mean-square amplitudes of three component records to
take into account both P and S energy. We analyze the pairs
of the first-arrived P and S waves in this study. The arrival
times of P and S waves are calculated based on the 1-D
global average model (ak135) of Kennett et al. [1995]. Since
the P and S waves are expected to share the same (or very
close) raypaths from the source to a receiver, the geometrical

spreading effect is naturally corrected in the calculation of
S/P amplitude ratio. Also, we employ a constant frequency
band for all distances to avoid discriminative frequency-
dependent attenuation. As a result, only the phase-dependent
wave responses to inherent medium properties along ray-
paths and source regions are reflected in the S/P amplitude
ratio.

[23] We now measure the S/P amplitude ratios. Consider-
ing the frequency contents of regional and teleseismic waves
from the UNE:s (see Figure 3), we analyze the S/P ratios in a

T T T T
Z BRV sn Lg = Re dist=6.27°
Pn azi=302.9°
10/12/1980
dist=6.20°
azi=302.7°
11/23/1976
1 1 1 1 1
50 100 150 200 250 300 350
Time (s)

Figure 4. Regional seismograms of the 12 October 1980
and 23 November 1976 Balapan UNEs. The distances and
azimuths from events to stations are presented. Crustally
guided shear waves (Lg) and strong mantle-lid shear waves
(Sn) are observed.
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Figure 5. Variation of phase compositions of teleseismic records with change of frequency: (a) 0.04 Hz,
(b) 0.0625 Hz, (c) 0.5 Hz, (d) 1.0 Hz, (e) 2.0 Hz and (f) 0.5-3.0 Hz. Three Balapan UNE records at station
KHC are analyzed (11 June 1978, 4 August 1979, 18 October 1981). Characteristic dispersive Love and
Rayleigh waves are observed at lower frequencies (a and b). High-frequency Lg waves are observed in the
frequencies around 0.5 Hz (c). Body-wave phases are mostly observed at high frequencies (d and e).
Shear wave phases (S, SS) are rarely observed unlike the P phases (f).

frequency band of 1-2 Hz. Figure 8 shows the S/P amplitude
ratios for the Balapan and Nevada UNEs. The S/P amplitude
ratios are given by around 1-3 in regional distances (<10°)
and become close to 0 in teleseismic distances.

[24] We compare the shear-energy composition of the
UNESs with that of natural earthquakes. To calculate the rep-
resentative S/P ratios of earthquakes, we choose 12 shallow-
focus earthquakes in various regions. The events have
various focal mechanisms (Table 3 and Figure 9). The event
magnitudes are 5.5-6.0, which are comparable to those of
the UNEs. Seismic data are collected from global networks
to reduce the effects of azimuth-dependent radiation patterns
of seismic waves. A total of 1257 three-component broad-
band seismic records from GSN stations is used. The S/P

ratios of the earthquakes are estimated in the same frequency
range of 1-2 Hz.

[25] Figure 10 presents a comparison of S/P amplitude
ratios between UNEs and earthquakes. In general, the S/P
ratios for both UNEs and earthquakes appear to decrease
with distance at regional and far-regional distances and are
observed to be nearly constant at teleseismic distances. The
S/P ratios of regional UNEs, however, display relatively
large variations compared to those of regional earthquakes.
The large variation of S/P ratios in regional UNEs may be
associated with small number of observations that can be
influenced by receiver-site geology, anisotropic raypaths,
and inhomogeneous source excitations. However, we find
that such large variation is not observed in teleseismic
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Figure 6. Long-period record sections of two Balapan UNE:s at global teleseismic stations. (a) Location
map of the UNEs and stations, (b) record sections of the 18 October 1981 UNE and (c) record sections of
the 16 December 1984 UNE. The waveforms are bandpass filtered between 0.05 and 0.1 Hz. Theoretical
arrival times of P, S, Love (L) and Rayleigh waves (R) are marked. The distances and azimuths from
events to stations are denoted. Love waves are clearly observed in tangential components of most stations.
Surface waves are dominant in every record section. Shear waves are observed rarely in most records.
Weak shear energy is occasionally observed on the radial components at some teleseismic distances
(arrows on the 16 December 1984 UNE records of stations CHTO and ANTO). The shear energy is much
weaker than that of a natural earthquake at comparable distances (see Figure 7).
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Figure 7. Teleseismic records of a natural earthquake with magnitude of m, = 5.8 and focal depth of
10 km: (a) location map and (b) record sections. The record sections are bandpass filtered between
0.05 and 0.1 Hz. The distances and azimuths from events to stations are denoted. Theoretical arrival times
of major phases are marked. Strong shear phases are observed in every record section.
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Figure 8. S/P amplitude ratios of the seismic records for
the Balapan (open squares) and Nevada (filled circles)
UNEs. The standard deviations of the estimated S/P ratios
are presented with error bars. The S/P ratios appear to be
conformable between the Balapan and Nevada UNEs. The
names of stations are annotated. The S/P ratios are high at
regional distances (<10°), and decrease to around 0.1 at
far-regional and teleseismic distances. The S/P ratio
decreases significantly at a distance around 60°.

UNE:s. The teleseismic S/P ratios of earthquakes are about
three times larger than those of the UNEs at teleseismic
distances between 20° and 60°. We find an exceptionally low
S/P ratio in a teleseismic UNE at a distance of around 60°.

[26] The dominant factors responsible for the large vari-
ation in S/P ratios of regional UNEs are not constrained with
the observations. However, the observations suggest that
considerable amount of shear energy is excited from
regional UNEs although the regional shear energy from the
UNE:s can be weaker than that from earthquakes. The clear
level difference in teleseismic S/P ratios between UNEs
and earthquakes suggests that the teleseismic S/P ratios can
be effectively used for discrimination of UNEs from
earthquakes.

5. Shear Wave Features in the Source Region

[27] A source array frequency-wave number (F-K) analysis
is applied to the record sections of the spatially clustered
Balapan and Nevada UNEs. The source array F-K analysis
allows us to investigate the phase composition of seismic
wavefields in the source region. Thus, the analysis enables
us to identify the dominant phases in the source region.
Seismic records of seven broadband stations (WMQ, KMI,
LZH, KHC, TOL, HIA, COL) for the Balapan UNEs and
five broadband stations (COR, PAS, PFO, ANMO, COL)
for the Nevada UNEs are analyzed (see Figure 1).

[28] The waveform records of the Balapan and Nevada
UNEs are aligned to a P travel-time curve based on the 1-D
global velocity model of Kennett et al. [1995]. The time
corrections made by the phase alignment is presented in
Tables 1 and 2. The magnitudes of the time shifts are much
smaller than 0.5 s for most seismograms, except for the
records of station KHC for the 4 July 1976, 5 September

HONG: SHEAR ENERGY FROM NUCLEAR EXPLOSIONS
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1977, 11 June 1978, 4 August 1979, and 12 October 1980
Balapan UNEs and the record of station COL for the
26 March 1992 Nevada UNE.

[29] Considering the regional waveform records at station
BRYV that do not display any significant time difference [see
Hong and Xie, 2005], the large time differences in the record
sections of station KHC may be associated with recording
time errors. The recording time error may be possibly
introduced during digitization of the analog seismic records.
Similarly, the time difference of the 26 March 1992 Nevada
UNE at station COL appears to be related to a recording
time error in comparison to the time differences at other
stations.

[30] The source array analysis is applied to a set of event
records with at least five seismograms. We use spatially
clustered UNEs as source arrays of which apertures and
array-component intervals are sufficiently small enough to
resolve coherent regional and teleseismic waves. The fre-
quency band for the source array analysis is slightly modi-
fied by station around 0.5-0.8 Hz considering the array
apertures, array-component intervals, and frequency con-
tents of incoming waves.

[31] It is noteworthy that the source arrays are based on
events occurring at different origin times. Thus, only the
waves developing consistently over time are enhanced in
the analysis, while inconsistent seismic noise is suppressed.
The enhancement of signature increases with the number of
array components. Array analysis is based on normalized
slowness power spectra that display the relative strengths of
phases in given wavefields. The energy of a particular phase
is identified from the magnitude of the slowness power
spectrum in the azimuthal direction.

[32] The array analysis is based on single source array
records. The array components are clustered in space. Thus,
every source array component shares similar ray paths to the
station. As a result, path effects such as attenuation and
anisotropy are equally reflected over all array records. The
raypaths can be assumed to be the same except in the region
around the source arrays. Any effects that the waves expe-
rience on paths outside the source region are not reflected by
this method. Thus, the slowness power spectra from a
source array analysis reflect the phase properties in the
source region.

[33] The ray parameter of a seismic phase is proportional
to the take-off angle from the source. Seismic waves with

Table 3. Source Parameters of 12 Shallow Earthquakes Used in
This Study for S/P Ratio Measurement®

Date Time Lat. (°) Long. (°) Dep. (km) Mag. N
02/21/2007  11:05:09.2  36.44 41.04 10 5.7 107
02/25/2007 20:47:25.4 2857 —176.56 6 59 27
03/09/2007 07:27:31.2 —11.42 66.25 10 58 53
03/10/2007 17:03:36.3  74.21 8.75 10 59 169
03/15/2007 06:07:58.0  3.94 126.44 9 5.8 43
03/25/2007 13:57:57.5  38.49 20.37 9 55 220
04/04/2007 21:40:18.7  30.92 141.67 9 5.6 168
04/12/2007 18:24:52.4 —61.17 160.37 10 57 19
04/13/2007 18:24:18.3 —34.88 —108.86 10 59 132
05/05/2007 08:51:36.3  34.23 81.87 10 6.0 185
05/16/2007  08:56:13.1  20.57 100.75 1.3 58 100
05/20/2007 14:18:18.8  27.14 88.35 10 56 34

“The number of stations (N) is given.
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Figure 9. Map of 12 shallow earthquakes analyzed to measure S/P amplitude ratios. The focal mechanism
solutions are presented on the locations of events. The locations of stations are marked with triangles.

low ray parameters dive deep into the Earth’s interior, and
return to the Earth’s surface at long distances. Thus, the
epicentral distance decreases with take-off angle. We
examine the variation of seismic radiation patterns with
distance, which allows us to infer the variation of seismic
energy with the take-off angle. Also, investigation of radi-
ated energy dependent on the azimuth enables us to infer the
azimuthal variation of seismic energy.

[34] The phase compositions at the theoretical arrival
times of P and S are presented in Figures 11 and 12. The F-K
analysis reveals that S energy is identified on the slowness
power spectra at most stations despite contamination with
noise. S energy is mostly observed on the horizontal com-
ponents in teleseismic distances. Regional stations present S
energy in vertical components, which may be due to large
incidence angles. The observation of shear waves in the
source array records suggests that the shear energy is excited
in a consistent manner at every detonation. We also find that
the separation of shear energy over radial and tangential
components is not uniform among stations.

[35] Shear waves in the Balapan UNE records at stations
KHC and COL are mostly seen on the radial components.
On the other hand, other stations display shear energy on
both horizontal components (Figure 11). Such nonuniform
shear-energy distribution is also observed in the Nevada
UNE records. The Nevada UNE records at station PFO
display dominant shear energy mostly on the radial compo-
nents (Figure 12b), while those at station ANMO present the
shear energy only on the tangential components (Figure 12c).

[36] Shear waves can be decomposed into SV and SH
components. The SV and SH can be diminished depending
on the radiation patterns, which typically appear in either
four-lobed or two-lobed patterns for single fault systems
(Figure 13). The observed S energy division over radial and
tangential components as function of azimuth, however,
does not show the typical radiation patterns. This nonuniform
shear-energy distribution suggests that the polarization
direction of shear waves from the UNEs varies with azimuth.

[37] We determine horizontal polarization directions of
shear waves by searching for directions in which the max-
imum shear energy is observed. We quantify the S energy in
the source array records that are rotated for given azimuthal
angles from 0° to 360°. Here, the S energy corresponds to
the slowness power spectra with S phase velocity in the
direction of the great circle path. Figures 14 and 15 present
the shear-energy variation of every station as function of the
azimuthal angle. The shear energy appears to vary with the
azimuthal angle in a sinusoidal periodic pattern at most
stations.
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Figure 10. S/P amplitude ratios of natural earthquakes
(open squares) and comparison with those of the UNEs
(filled circles). The S/P amplitude ratios appear to be similar
between the earthquakes and the UNEs at distances up to
~22°. The S/P amplitude ratios of the earthquakes are esti-
mated to be about three times larger than those of the UNEs
at teleseismic distances. The difference becomes much sig-
nificant at a distance around 60°.
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Figure 11. Source array geometry and slowness power spectra (vertical (Z), radial (R), tangential (T)) of
P and S waves from the Balapan UNEs: stations (a) WMQ, (b) LZH, (c) HIA, (d) KMI, (e), KHC,
(f) TOL, and (g) COL. The distances and azimuths are denoted. The great circle paths are presented
on the map. The waveform time windows are denoted. The slowness grid interval is 0.05 s’km. Coherent
P and S energy is observed. Some multiple peaks develop in the S-wave slowness power spectra due to
influence of scattered waves and noises. S energy is nonuniformly divided into two horizontal compo-
nents, and the energy division is different by station.
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Figure 11. (continued)

[38] The azimuthal angles for the maximum shear energy
seem to be consistent among the stations located in similar
great circle directions (see, Figures 14h and 15f). Stations
TOL, KHC, and LZH for the Balapan UNEs present similar
polarization directions and the same for stations WMQ and
KMI (Figure 14h). However, these polarization directions

change with azimuths. The observation of consistent
polarization directions among stations with different dis-
tances in similar directions of great circle paths implies that
the local heterogeneity in 3-D Earth structures rarely affects
the shear wave polarization. The azimuth-dependent shear
wave polarization suggests that the shear energy is not
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Figure 11.

radiated from a single common source but may be from
multiple sources with nonuniform strengths.

6. Teleseismic Shear Wave Composition

[39] The source array analysis as described in the previous
section allows us to resolve time-invariant coherent shear

R, S (1053 - 1061 s) T, S (1053 - 1061 s)

0 0
3p- S8p-
s 2,
S
7 >
S
v

(continued)

waves in the source region. In this section, we examine the
presence of shear energy, including both time-variant and
time-invariant energy. The time-variant energy can be
investigated by examining each record section using polar-
ization methods (see section 3.2). These methods allow us to
discriminate between P and S phases and to assess the
amount of shear energy included in each record section. We
analyze the Balapan UNE records of station KHC of the
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Czech Seismic Network (CZ). The record sections are
composed of 30 three-component broadband seismograms.

[40] Dilatational P waves are excited from UNEs. Thus,
direct P and surface-reflection P phases (e.g., PP and PPP)
are polarized in the direction of propagation from the source
to the receiver. The direction corresponds to the azimuth, ¢.
Also, polarization directions of interface-reflection P phases
and wavetype-coupled P waves are given by either ¢ or ¢ +
180°, depending on the impedance contrasts across the
interfaces.

[41] Shear waves can be divided into two components,
vertically polarized (S¥) and horizontally polarized shear
energy (SH). The horizontal polarization angle, vy, of SV is
given by either ¢ or ¢ + 180°. On the other hand, SH waves
are horizontally polarized in the direction perpendicular to the
propagation direction. Thus, v, of SH is given by ¢ + 90°.

[42] Figures 16 and 17 present the horizontal and vertical
polarization directions, rectilinearity, and planarity of P and
S wave trains. The horizontal and vertical polarization
directions of direct P phases (P and PP) are estimated
consistently (Figure 16). The vertical polarization directions
of P and PP are estimated at ~25° and ~35° from the vertical
axis, respectively. In addition, direct P phases exhibit
high rectilinearity and planarity. Shear waves coupled with
P waves on the interfaces between laterally stratified layers
are SV-type waves. Their horizontal polarization directions
correspond to either positive or negative azimuth. SH-type
shear waves can be generated by wave-type coupling of
P waves on the interfaces with topography.

[43] The horizontal polarization directions of wavelets at
the theoretical arrival times of S and SS are estimated to be
about 60° and 240° (Figure 17). The estimated vertical
polarization directions are distributed over the entire range

of 0°-90°. The observation of horizontal polarization
directions suggests that the energy at the S and SS arrival
times is mainly composed of either P or SV-type shear
waves. However, the wide distribution of vertical polariza-
tion angles (i.e., vertical incidence angles) suggests that the
observed energy is rarely composed of coherent phases but
are rather mixed with various scattered waves. Such waves
may originate from multiple reflections or scatterings in the
crust.

[44] The rectilinearity and the planarity are close to 1 at
PP arrival times and are reduced to around 0.4-0.9 after the
PP phase, even at the expected arrival times of S and SS.
The rectilinearity and planarity are estimated to be constant
over time. The relatively high values of rectilinearity and
planarity in the expected S-wave portion suggest that the
constitutional phases are polarized on a single plane. Fur-
thermore, the constant rectilinearity and planarity values in
the S wave trains between PP and SS phases indicate no
significant change in the compositional energy such as
significant S-energy arrivals.

[45] Major P phases have low shear energy ratios (R;)
of ~0.02 for P, and 0.1-0.4 for P41/0P, PmP, and PP
(Figure 16e). The shear energy ratios appear to increase
gradually with time in the wave train between PP and SS
arrival times, which causes R, to vary in a wide range of
0.3-0.85. No significant change in shear energy ratios is
observed in the wave trains around the expected arrival
times of S and SS (Figure 17¢). These observations suggest
that the S-wave portion is mainly composed of scattered
waves which may be originated from P waves. Thus, it
appears that direct S waves are rarely or weakly included in
the wave train. Nevertheless, shear wave signatures are seen
in the surface waves (Figure 5c¢).
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Figure 12. Source array geometry and slowness power spectra (vertical (Z), radial (R), tangential (T)) of
P and S waves from the Nevada UNEs: stations (a) PAS, (b) PFO, (c) ANMO, (d) COR, and (¢) COL.
The distances and azimuths are denoted. The great circle paths are presented on the map. The analyzed
time windows are denoted. The slowness grid interval is 0.05 s/km. Coherent P and S waves are observed.

[46] The weak teleseismic shear waves suggest that shear Wallace et al., 1985]. It is intriguing to observe consistent
energy is hardly radiated at small take-off angles from the Lg development even at teleseismic distances. This is
source (Figure 18). This inference agrees with teleseismic  because Lg develops from constructive interferences of
observations of shear phases from UNEs [e.g., Nuttli, 1969; postcritically reflected shear waves in the crust, which
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Figure 12. (continued)

enables crustal-guided transmission with relatively low loss  examine the observed shear wave features and test them with

of energy even to teleseismic distances. respect to the proposed shear wave excitation mechanisms.
7. Implications for Shear Wave Excitation 7.1. Rg (Rayleigh Wave) to S Scattering
Mechanism [48] This mechanism explains the development of shear

waves as a result of scatterings of Rg waves on crustal

Vari hanisms have b d for th
7] Various mechanisms have been proposed for the @ 0 o0 i Se o Gupta et al. 1992: Myers et al., 1999,

explanation of shear wave excitation from UNEs. We
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The Rg wave is the fundamental-mode Rayleigh wave.
When Rg waves are scattered from regional or local het-
erogeneities (e.g., surface topography, lateral variations in
seismic properties), they are coupled into various modes of
surface waves and body waves. Scattered waves originated
from Rg are well observed in the regional seismic coda
[Hong et al., 2006]. The radiation patterns of coupled sur-
face waves and body waves are dependent not only on the
mode or wave type, but also the geometry of the heteroge-
neity. Anisotropic geometry of heterogeneities in the Earth
causes radiation of the coupled shear waves in various
directions. Thus, the radiation directions depend on both the
incidence direction and the geometry of heterogeneity. As a
result, coupled shear waves developing from Rg scattering
are expected to be observed in teleseismic records.

7.2. S*

[49] When a P-wave source is close to a seismic discon-
tinuity such as the free surface, the P wave is wavetype-
coupled into a strong nongeometric impulsive SV wave on
the boundary. This shear wave is called S* wave [e.g.,
Gutowski et al., 1984; Vogfiord, 1997]. The magnitude of
S* is inversely proportional to the distance between the
discontinuity and the source. The S* is strong particularly
when the discontinuity is the free surface. Thus, a shallow
explosional source excites strong S* on the free surface. It is
known that the S* wave is radiated only for take-off angles
greater than the critical angle (Figure 19). The critical angle,
g, 18 given by [Vogfiord, 1997]

(8)

(continued)

where « and 3, are P- and S-wave velocities in the source
region.

[s0] The take-off angle dependency of the S* energy is
consistent with observations of strong shear waves at
regional distances but weak shear waves at teleseismic
distances (see section 6). Teleseismic body waves develop
from energy radiated at small take-off angles, in which $*
energy is rarely or weakly radiated (i.e., 6 < v,).

[s1] The strong excitation of S* energy at large take-off
angles (6 > 1,) supports the observation of prominent Lg
waves that develop due to postcritical reflections of shear
waves on the Moho. This crustally guided shear energy can
be transported to teleseismic distances along high Q paths,
with fractional energy loss due to geometrical spreading
(Figure 20).

[52] The observation of high-frequency Lg energy in both
regional and teleseismic distances is consistent with the S*
mechanism. When the shear wave velocity in the source
region is low, the critical reflection angle on the Moho is
estimated small. $* energy can be easily trapped in the crust
due to a decrease of the critical angle. This theoretical
expectation agrees with a field observation of Hong and Xie
[2005] where strong shear waves are excited from a low-
velocity region.

[53] The S*, however, is an SV-type shear wave. Thus,
shear phases originating from S* are expected to be
observed in radial and vertical components if they are
present. Since seismic waves are incident near vertically to
teleseismic stations, the SV-type shear waves should be
observed mainly on the radial components. This explains
the observation of shear waves mainly on the radial com-
ponents (see Figure 6). However, the strong Lg and Love
energy in tangential records is not well explained by the $*
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Figure 13. Radiation patterns of P (left), SV (middle), and SH (right) waves for four different dip-slip
models. (a) The dip () of the fault plane is 60°, the rake (}) is 90°, and the take-off angle (i¢) is 25°.
(b) 6=30°, A=90°, and ig = 25°. (¢) 6 = 60°, A=90°, and i, = 70°. (d) 6 = 60°, A =45°, and i = 25°. The
radiation patterns are presented as function of the difference in angle between the station azimuth and the
fault strike. The radiation patterns are highly dependent on the fault geometry and the slip direction.

mechanism, which requires strong SV-to-SH wavetype cou-
pling. Furthermore, the azimuthally anisotropic polarization
directions of shear waves and the inconsistent shear energy
distribution between radial and tangential components do not
agree with the $* mechanism.

7.3. Rock Cracking and Tectonic Release

[54] This mechanism ascribes the shear wave excitation to
cracking or rupturing of rocks by a shock wave from a
nuclear explosion [e.g., Massé, 1981]. The medium above
the source is conically cracked due to explosion. Tectonic
releases are associated with rock cracking. It is known that
an explosive source with rock cracking can be described

with a compensated linear vector dipole (CLVD) source
[e.g., Toksdz et al., 1971; Patton and Taylor, 1995]. Seismic
waves associated with tectonic releases are observed in
regional and teleseismic distances [e.g., Wallace et al., 1985;
Burger et al., 1986; Walter and Patton, 1990; Ekstrom and
Richards, 1994; Levshin and Ritzwoller, 1995].

[55] In particular, the tectonic-release signature is well
observed in the analyses of surface waves [Brune and
Pomerory, 1963; Aki and Tsai, 1972; Archambeau, 1972;
Helle and Rygg, 1984; Day et al., 1987; Harkrider et al.,
1994]. Patton [1991] reported that the fault systems asso-
ciated with tectonic release vary with the detonation sizes;
explosions with detonations greater than 300 kt produce
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Figure 15. Normalized shear energy variation with rotation angle for the Nevada UNEs: stations
(a) PAS, (b) PFO, (c) ANMO, (d) COR, (e) COL, and (f) the shear-energy variation as function of rota-
tion angle. The back azimuths are marked with dotted lines. The direction of the maximum shear energy
corresponds to the polarization direction of the shear wave. The polarization directions are different

among stations.

Figure 14. Normalized shear energy variation with rotation angle for the Balapan UNEs: stations (a) WMQ, (b) LZH,
(c) HIA, (d) KMI, (e) KHC, (f) TOL, (g) COL, and (h) the shear-energy variation as function of rotation angle. The back
azimuths are marked with dotted lines. The direction of the maximum shear energy corresponds to the polarization direction
of the shear wave. The polarization directions appear to vary with the azimuths between the UNEs and stations. The polar-
ization directions are consistent among stations in the same (or similar) great circle directions.
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Figure 16. Polarization analyses of P-wave portions in the Balapan UNE records of station KHC:
(a) horizontal polarization direction, (b) vertical polarization direction, (c) rectilinearity, (d) planarity,
and (e) shear energy ratio. The estimated horizontal polarization directions of P phases correspond to
the apparent azimuths. The vertical polarization directions of P phases suggest the vertical incidence
angles to the station. The direct P phases (P, PP) show high rectilinearity and planarity. The shear energy
ratios are low with the direct P phases (e). The wavetype-coupled refracted phases from the upper mantle
discontinuities, P410s and P660s, display horizontal polarization directions of 260°-360°.

strike-slip faults, while those with detonations smaller than [s6] The tectonic release model, however, does not appear
300 kt have dip-slip faults. This tectonic-release model to agree with the shear wave features observed in this study.
satisfies the observations of surface waves on tangential Figure 13 presents the radiation patterns of seismic waves
components. (P, SV, SH) for four different dip slips of single faults [4ki
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Figure 17. Polarization analyses of S-wave portions in the Balapan UNE records of station KHC:
(a) horizontal polarization direction, (b) vertical polarization direction, (¢) rectilinearity, (d) planarity,
and (e) shear energy ratio. PP phase exhibits the signatures of a direct phase such as consistent horizontal
and vertical polarization directions and high rectilinearity and planarity. The broad variation of vertical
polarization directions and the ordinary rates of rectilinearity, planarity and shear energy ratio at the
expected onset times of S and SS suggest rare inclusion of shear energy.

and Richards, 2002, p108]. The radiation pattern changes fault systems cannot satisfy the azimuthal variation of
significantly with the fault parameters and the slip direction.  polarization directions of shear waves in Figures 14 and 15.
The magnitude of shear wave radiated from a single dip-slip [57] An alternative model may be that such dip-slip or
segment changes with the direction (Figure 13). Such single  strike-slip dislocations (rock cracking) develop in conical
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k shear-wave
source

Figure 18. Schematic description of shear-energy radiation
from the source. The strong Sn and Lg phases at regional
distances (Figure 4) suggest strong excitation of shear
waves at large take-off angles (). The rare (or weak) tele-
seismic shear energy implies rare (or weak) radiation of
shear waves at small take-off angles.

shapes with respect to hypocenters [Massé, 1981]. In this
model, the total energy radiated from the source region
corresponds to an integration of seismic energy from each
fault segment over a ring of conical dip-slip (or strike-slip)
fault system. Thus, the shear energy may vary with azimuth
due to the difference in relative influence of each fault
segment. Also, the shear energy may vary with the take-off
angle due to inhomogeneous energy radiation depending on
the fault geometry. The extinction of teleseismic shear
energy may be explained by the vertical radiation-angle
(take-off angle) dependence. The high energy at intermediate
take-off angles in Figure 13 supports the strong observation
of Lg phase at regional and teleseismic distances.

7.4. Spall

[58] Spall is a widely observed spatial deformation in
UNE sites, which illustrates a phenomenon of vertical
opening and closing of tensile cracks due to shock waves

explosion
solrce

N

Ve

no S*

Yy= sin” (BO/ (Xo)

Figure 19. Angular distribution of S* energy. The S*
energy is radiated at the take-off angles greater than ¢,.
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[e.g., Eisler and Chilton, 1964; Stump, 1985; Day and
McLaughlin, 1991]. The vertical opening and closing of
crack causes excitation of strong horizontal shear wave
components in the vertical direction. If this effect is strong
enough, shear waves are expected to be observed at tele-
seismic distances. The tensile crack model produces azi-
muthally isotropic shear waves [Stump, 1985; McLaughlin
et al., 2004]. However, these features do not agree with the
observed azimuthal variation of polarization directions of
shear waves.

8. Discussion and Conclusions

[s9] We analyzed the regional and teleseismic records of
the Balapan and Nevada UNEs. Strong monotonic Lg
energy is observed at both regional and teleseismic dis-
tances. Dispersive Love and Rayleigh waves are observed at
frequencies below 0.1 Hz. Unlike the prominent appearance
of teleseismic P phases, shear waves (S, SS) are weakly
observed. Weak teleseismic shear energy has been investi-
gated using a source array F-K analysis that is based on the
records of spatially clustered events. The observation of
coherent shear energy with consistent polarity suggests that
the shear energy is excited in the same manner at every
detonation.

[60] The source array analysis shows that the polarization
directions of shear waves vary with azimuths. This obser-
vation suggests azimuthally anisotropic radiation of shear
energy, which may be a result of multiple shear wave
excitation sources. We find that considerable amount of
shear energy is observed from regional UNE records. The
strength of regional shear energy appears to vary with sta-
tion, which may be a result of combined effects of receiver-
site geology, anisotropy along ray paths and inhomogeneous
radiation from the sources. On the other hand, we find
significantly low shear energy in teleseismic UNE records,
implying weak radiation of shear energy at low take-off
angles.

[61] The observational features of regional and teleseismic
records are examined with respect to various shear wave
excitation mechanisms, which include S*, tectonic release
(rock cracking), Rg-to-S scattering, and spall. It appears
that the tectonic-release model with a conical faulting
system agrees well with both the regional and teleseismic
observations.

free surface

“shear-wave
: source

Moho

Figure 20. Schematic description of Lg excitation from S*.
Lg waves originate from the shear energy radiated at postcri-
tical angles. Lg can develop from S* when the critical reflec-
tion angle of shear waves on the Moho is greater than .
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