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1 SUMMARY 
 
The goal of this project has been to develop a quantitative predictive capability for explosion-
generated Lg phases with a sound and unambiguous physical basis. The research program 
consisted of a theoretical investigation of explosion-generated Lg combined with an 
observational study. The specific question addressed by this research program is how the Lg 
phase is generated by underground nuclear explosions. This question is fundamental to how Lg 
phases are interpreted for use in explosion yield estimation and earthquake/explosion 
discrimination.  
 
To constrain modeling, we have extensively reviewed the existing literature and complemented 
that work with an examination of several explosion data sets, most notably – 1) Degelen 
Mountain explosions recorded between 7 and 57 km, with corresponding recordings at 
Borovoye, at approximately 650 km; 2) recordings from Russian deep seismic sounding 
experiments; 3) NTS explosion sources including the NPE and nuclear tests covering a range of 
source depths and media properties.  
 
A simple point explosion in an infinite medium generates no shear waves, so the Lg phase is 
generated entirely by non-spherical components of the source and conversions through 
reflections and scattering. We find that the most important contributors to the Lg phase are: 1) P 
to S conversion at the free surface and other near source interfaces, 2) S waves generated directly 
by a realistically distributed explosion source including nonlinear effects due to the free surface 
and gravity, and 3) Rg scattering to Lg. Additional effects that contribute significantly to Lg are 
scattering of converted S phases that traps more of the converted P-to-S in the crust, and 
randomization of the components of Lg.  
  
The pS phase from a spherically symmetric explosion source in media with P-wave velocity less 
than upper mantle S-wave velocity is trapped in the crust and can explain the observed radial and 
vertical Lg. The free surface pS converted phase from the same source in a high velocity 
medium, however, is not trapped in the crust. It, therefore, does not explain the Lg observations. 
A spherically symmetric explosion source also fails to explain near-source Sg and regional Sn 
observations. However, the observed shear waveforms and amplitudes can be explained by 
adding a CLVD source component, which is the lowest order non-spherical correction to the 
spherical source. The persistence of Rg to large distances in some regions argues against Rg 
scattering as the source of Lg in all regions. 
 
2D nonlinear calculations of explosion sources quantify the amount of seismic radiation 
generated by the non-spherical parts of a realistic explosion source. A 2D nonlinear calculation 
modeled after the NPE source and structure produces Lg consistent with an explosion plus a 
CLVD source with about half the strength of the explosion. However, because of the very low 
velocities at the NPE source location, the explosion generates substantial Lg directly. This alone 
may be sufficient to explain the Lg observations in this case. The importance of the non-
spherical component of the source to matching observed shear wave phases is demonstrated in 
2D calculations of Degelen explosions, which are typically underburied in high velocity granite. 
Source calculations for an overburied event in high velocity medium do not produce the 
observed shear waves, and so we also investigate scattering mechanisms.  



 

 

2D and 3D finite difference calculations indicate that the topography at Degelen traps much 
more of the surface P-to-S converted phase in the crust than does scattering from crustal 
heterogeneities. Topography also has the greatest impact on Rg. The effect of topography 
increases with frequency, and the primary effect is to disperse Rg. In the 3D calculations, there is 
significant scattering to the tangential component at 8 km and 4 Hz. 
 
We use energy conservation to determine an upper bound on Rg to Lg scattering. Rg to Lg 
scattering may contribute to Lg and more so to Lg coda at frequencies less than 1 Hz, but 
contributes less at higher frequencies than Lg generated directly by the explosion or by surface 
P-to-S conversion. 
 
This report is organized as follows. We first present a review of the extensive body of work on 
explosion generated shear waves, from which we have tried to extract the most robust 
observations that constrain the possible mechanisms. That is followed by a presentation of our 
own observations, from very near source, through local to regional distances for a range of 
source conditions, and a discussion of the implications of our observations. The observational 
work is complemented by three distinct types of simulations, one set focused on source physics, 
one on the effect of scattering due to topography and lateral heterogeneity on Lg, and a new type 
of modal calculation that simulates Rg to Lg scattering. 
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2 PREVIOUS OBSERVATIONS OF LG AND THEIR IMPLICATIONS FOR ITS 
GENERATION  

 
There has been a great deal of discussion in the literature about possible mechanisms for Lg 
generation. Much of the discussion has been based on spectral shape, particularly the high 
frequency spectral slope and the presence and location of spectral dips and peaks. As discussed 
above, several mechanisms may be contributing to Lg, and each could be dominant in a different 
location or a different frequency band. It is very important therefore to understand what the 
observations are and what constraints they place on the Lg generation mechanism. In this section 
we summarize the most important observations from the literature. 
 

2.1 Overview:  What We Know and What We Don’t Know About Lg 

Following is a brief list of observations regarding Lg that can be considered robust. “Robust” 
does not mean there are no exceptions, but these are consistent enough that any theory of Lg 
generation mechanism must explain them. 
 
1. Lg amplitudes correlate more consistently with explosion yield than do other direct phases. 

This is surprising given the strong observational and theoretical support for at least three 
different mechanisms contributing to its generation, and remains poorly explained. The 
good correlation is only weakly dependent on source region and source media. 

2. Explosion-generated Lg spectra fall off more rapidly with frequency than other regional 
phases, including P, and more rapidly than Lg from earthquakes. This is the basis of the 
Lg/P discriminant and why it works better at high frequencies, as well as the basis for the 
Lg spectral ratio discriminant. 

3. Explosion-generated Lg spectra have dips at periods that correlate with explosion depth. 
 
The three mechanisms that appear to be primarily responsible for Lg are 1) conversions of explosion-
generated compressional waves, 2) direct S generation by the source, and 3) Rg to Lg scattering. 
 
Supporting direct generation of shear waves by the source are observations from 100s of meters 
to ones and tens of kilometers of impulsive shear waves on both tangential and radial 
components at the predicted S arrival time, distinctly separated from the direct P and Rg phases, 
for a wide range of explosion source parameters and media. The SV component is well modeled 
by the nonspherical part of the source, and scattering can explain well the equalization of Lg 
energy between components at regional distances. A remaining mystery is how explosions, even 
decoupled explosions, directly generate near-source tangential component shear waves. 
 
The hypothesis that near source Rg scattering contributes to regional Lg is consistent with 
observations of spectral nulls and peaks common to both phases. Further, that Rg has quite large 
near-source amplitudes that diminish very rapidly is consistent with Rg-to-Lg scattering, 
although Rg from Eurasian explosions diminishes much more slowly with distance than in the 
western United States. The steepness of Lg spectral slopes is also consistent with Rg scattering, 
although that may alternately be explained by attenuation of higher frequencies trapped in 
shallow modes, as well as by the different distribution of modes generated by a shallow source. 



 

 

 

Figure 1. Mb(Lg) vs. Yield for NTS explosions from Nuttli (1986a), with data points for the Shagan River Test Site 
from Hansen et al. (1990). Lg correlates better with yield than any other seismic phase. 

 

2.2 Correlation of Lg Amplitudes and Explosion Yield 

The remarkable correlation between Lg amplitude and explosion yield was first demonstrated by 
Nuttli (1986a) (Figure 1), and then confirmed and extended to other areas by Nuttli (1986b, 
1987, 1988), Patton (1988), Hansen et al. (1990), Ringdal et al. (1992), and Israelsson (1994). 
This work assessed the effectiveness of mb(Lg) for predicting yield, relative to other methods, 
and successfully demonstrated that mb(Lg) is stable for a given source area and station, and can 
provide complementary constraints to teleseismic mb, thus improving yield estimation. The 
transportability of the mb(Lg):yield relation between test sites is less well established since 
rather large attenuation corrections or empirical Lg station corrections are required. 
  

2.3 Lg spectra – Enhanced at Low Frequencies or Diminished at High Frequencies 

A widely cited observation is that explosion Lg spectral slopes are steeper (drop off faster with 
increasing frequency) than Lg from earthquakes. This has been interpreted as evidence of Rg 
scattering (e.g. Gupta et al., 1992) because Rg falls off rapidly with frequency and so Lg would 
be expected to have the same frequency dependence. However, there is an alternate explanation. 
The shallow source of explosion Lg preferentially excites surface wave modes that are trapped in 
shallow, low-Q layers, which therefore attenuate more rapidly (Goldstein, 1995). This argument 
is supported by the result of Priestley and Patton (1997), who found that NTS explosion Lg 
attenuates more rapidly than that of earthquakes near NTS, which they attribute to lower Q in the 
shallowest layers. Also, Lg could be generated by Rg scattering into the lowest frequency bands, 
and directly by the source at mid- to higher-frequency bands. Finally, S*, the source depth 
dependent diffracted phase due to interaction of the non-planar wavefront with the free surface 
could contribute to the frequency dependence of Lg (Gutowski, 1984; Vogfjörd, 1997). 



 

 

2.4 Rg and Lg Spectral Nulls 

Spectral nulls in vertical component Lg are often interpreted as evidence of Rg scattering (e.g. 
Patton and Taylor, 1995; Myers et al., 1999). The Rg is modeled as being generated by a CLVD 
source between the explosion depth and the surface, and then scattered into Lg.  Figure 2 shows an 
example for the explosion Baseball recorded at LLNL stations MNV and KNB. Vertical 
component Lg from Baseball showed the most distinct and consistent spectral nulls of the four 
normally buried explosions recorded at the four LLNL stations used in Patton and Taylor (1995). 
There is a pronounced dip in the spectra at both stations on the vertical and radial components at 
about 0.5 Hz. Gupta and Wagner (1998) did an extensive review of Lg spectra generated by 
explosions and concluded that the spectra are consistent with Rg scattering from a CLVD source, 
and that the period of the observed spectral dip scaled with source depth. The lack of a 
corresponding null on the transverse components’ spectra could have implications for the 
completeness of scattering between components and the generation of transverse Lg. That is, if as 
the consistency of observations implies, the spectral nulls are related to the generation of radial and 
vertical component S, whether by Rg scattering or direct generation, we would expect tangential 
component Lg scattered from the radial and vertical components to have the same spectral null. 
 

 

Figure 2. Tangential (red), radial (blue), and vertical (black) Lg spectra of the normally buried explosion Baseball, 
recorded at MNV (left) and KNB (right). The 0.5 Hz vertical component spectral null has been attributed to Rg-to-
Lg scattering. 

 
The correspondence between Rg and Lg spectral nulls is an interesting and important 
observation, but opens some additional questions. First, a spherical explosion source is also a 
strong generator of Rg, which does not contain a spectral null. Since the explosion-generated Rg 
is a superposition of the Rg generated by a point compressional source and a CLVD, the spectral 
hole should be diminished or filled in by the combined source. Also, the CLVD is a strong 
source of shear waves and will generate Lg directly, and it also contains a depth-dependent 
spectral dip. Patton and Taylor (1995) noted this, but preferred the Rg scattering mechanism 
because of the large amplitude of the explosion-generated Rg phase relative to the explosion-
generated Lg phase. However, as discussed later in this report, the energy contained in Rg is 
confined to the near-surface. Its amplitude at the surface is greatly reduced when the energy of 
Rg is spread out through the crust into Lg modes. 



 

 

2.5 Lg coda Spectral Peaks 

Mayeda et al. (2000) suggest that decreasing frequency of coda spectral peaks from 0.25 to 0.9 
Hz with amplitude at NTS is an effect of Rg-to-S scattering. Peak frequencies correlate with 
depth of burial but not scale depth. Phillips et al. (2002) also observe decreasing frequency of 
coda spectral peaks, from 0.8 to 3 Hz, with spectral amplitude for Degelen explosions. 
 

2.6 Equalization of Energy on All Three Components 

The existence of tangential-component shear waves has long been recognized, and the transfer of 
energy from the vertical and radial to the tangential component has been a longstanding area of 
inquiry, with explanations proposed based on anisotropy (Maupin, 1990) and along-path 
scattering (e.g. Kennett and Mykkeltveit, 1984, McLaughlin et al., 1997). Gupta and Blandford 
(1983) investigated generation of transverse shear waves from explosions. On three-component 
records hundreds of meters from the sources at shot depth, they observed much smaller 
transverse than radial displacements for Salmon, a tamped nuclear explosion in salt, and from 
Gasbuggy, a deep explosion in sedimentary rocks. Starting at tens of km distance, they present 
evidence of the tangential-to-radial amplitude ratio increasing with distance, which they attribute 
to scattering.  
 

2.7 Misinterpretation of P or Sn coda as Lg 

Figure 3 shows records of Baseball at the LLNL station KNB, in 6 passbands. Although such 
data have been interpreted as representing Lg up to 16 Hz, “Lg” amplitude is below the pre-Lg 
noise amplitude above 3 Hz at KNB and barely distinguishable above the noise at LAC and 
MNV, and so the observations largely represent measurements of P-Coda at higher frequencies. 
To ensure that coda of other phases is not interpreted as energy representing shear waves 
generated at or near the source, comparison of Lg amplitudes with pre-Lg noise rather than just 
pre-Pn noise is necessary. 
 

2.8  Lg Group Velocity Varies With Source Depth 

Baker et al. (2003) attribute slow Lg group velocity for very shallow events, observed in two 
different tectonic environments, to the greater excitation of shallow modes. Preferential trapping 
of higher frequency energy, due to their narrower eigenfunctions, near the surface in slow, low-Q 
media not only explains the slow group velocities but also is consistent with attenuation causing 
the relative steepness of Lg spectral slopes. This effect is expected whether the source of Lg is 
direct generation by the source, Rg scattering, or both, since both sources are shallow. This 
observation provides additional evidence for the modal composition of the explosion-generated 
Lg phase being different from that of Lg generated by deeper sources. 
 



 

 

 

Figure 3. The mb 5.7 NTS nuclear explosion, Baseball, in 6 passbands, at KNB (~300 km distance). The traces 
cover 8.5 to 2.8 km/sec group velocity, with Lg shaded (3.6 to 3.0 km/s). Lg amplitude is near or below the 
amplitude of the preceding P coda for most of the passbands, and so energy in those passbands should not be 
interpreted as representing shear waves generated at or scattered near the source.  
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3 NEW OBSERVATIONS AND THEIR IMPLICATIONS 
 

3.1 Introduction 

In this section we describe the data sets used, the observations made, and their implications. The 
data sets represent a wide range of source conditions, including overburied and underburied 
events in both high and low velocity source media. The observations are organized by distance 
(very near source, local, and regional), type of phase, component, and source area.  
 

3.2 Data Sets 

Table 1 lists the data sets collected and used in this project, which provide waveforms from 
explosions at distances from close to the source out to regional distances. 

Table 1. Data collected and used in the current project. 

Source No. 
Events 

Yield, Depth, or 
mb range 

Recording Range 

Degelen 7 1.5-78 Kt 7-50 km & 650 km 

Deep Seismic 
Soundings (DSS) 4 8.5-22 Kt every 10-15 km for 1000s of km in 

two directions 

NTS 155 111-701 m 
depth 190 – 400 km 

NPE 1 
1 Kt 

400 m depth 
65 near source (100s of m), 3 
local, 60 regional (10s-100s of km) 

Khirgizia 
(decoupling) 4 

1-6 tons 

292 m depth 
5-10 km 

 
 
3.2.1 Joint Local and Regional Degelen Explosion Records 
This dataset includes 19 radial and 14 vertical recordings at 7-57 km distance from 7 explosions 
at the Degelen test site, for which good three-component records are also available from 
Borovoye (BRVK), 650 km from Degelen (Stevens et al., 2003a). We have used other local 
Degelen recordings and regional records from BRVK, but the events with both local and regional 
records are particularly valuable and we focused our analysis on them. 
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Table 2. The number of local radial and vertical recordings extending past the predicted Sg time for Degelen events, 
for which there are also Borovoye seismic records. Where there are two depths of burial shown, the smaller 
indicates slant range to a free surface.  

Event Local Records 

Date Yield 
(Kt) 

Depth of 
burial, m 

No.  Extending to 
Predicted Sg Time 

Distance range, km 

1971/12/15 1.5 115/145 5 radial, 4 vertical 7-33 

1987/07/17 78 267 4 radial, 4 vertical 14-50 

1987/12/20 3.2 105 2 radial 13-17 

1988/04/22 2.3 124 1 radial 57 

1988/10/18 2.5 125 2 radial, 1 vertical 11-17 

1988/11/23 19 204 3 radial, 2 vertical 14-22 

1989/10/04 1.8 94 4 radial, 3 vertical 16-42 
 

3.2.2 Deep Seismic Sounding (DSS) PNEs 
DSS records from IRIS (Morozov et al., 2001) for 6 PNEs in the former Soviet Union provide 
three-component recordings every 10 to 15 km, from hundreds of meters to thousands of 
kilometers from nuclear explosions in different media. To our knowledge the horizontal-
component data from these explosions had not been used, and we first performed extensive 
quality control on four of these data sets, and then examined them for observations relevant to 
the generation and evolution of explosion shear phases (Table 3). These events are buried at 
approximately two to three times scale depth, so they not only provide a nearly unique 
opportunity to observe the evolution from near source through local to regional phases, but they 
provide rare examples of very overburied explosions. Further, the source velocity at Quartz-4 is 
known to be quite high, described as a granite half-space with just 10-15 m of sediments (Kitov, 
1997). Source media velocity for the other DSS explosions is not as well known, although 
velocity structure in the broader areas of the explosions is higher than in the western U.S.   

Table 3. Quartz and Craton PNEs for which we have performed QC and analyses. 

Date Time Lat Lon Depth Yield Name 

1984-Aug-11 19:00:00.20 65.05 55.10 759 m 8.5 Kt Quartz-2 

1984-Aug-25 19:00:00.33 61.90 72.10 726 m 8.5 Kt Quartz-3 

1984-Sept-17 21:00:00.0 55.87 87.446 557 m 10 Kt Quartz-4 

1978-Aug-24 18:00:00.0 66.60 86.21 - 22 Kt Craton-2 
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3.2.3 Non-Proliferation Experiment (NPE) 
This data set includes 31 three-component, good SNR accelerometer records (both surface and 
tunnel) at all azimuths, from just over the source out to 2000 meters, local three-component 
records at 4, 39, and 55 km, 33 three-component regional seismograms from 200 to 1000 km and 
a range of azimuths (from IRIS, LLNL, and Sandia), plus three-component records from a line of 
regularly spaced instruments extending from 80 to 274 km eastward of the source (from 
University of Arizona). 
 
3.2.4 Nevada Test Site (NTS) 
We have high quality, three-component records from LLNL stations at 190 to 400 km for 155 
NTS nuclear explosions. The explosions span the Yucca, Pahute, and Rainier test areas and a 
wide range in yield, mb, depth of burial, and porosity, enabling analyses of Lg generation 
sensitivity to source parameters. The Lg signals suggest differences between sources. To 
characterize the explosion Lg signals at these stations, we have performed a variety of parametric 
measurements, including amplitude, spectral and filter processing.  
 
3.2.5 Kirghiz Tamped and Decoupled Explosions 
During the summer of 1960, Soviet scientists carried out a series of HE cavity decoupling tests in 
a mine in the Tywya Mountains of Kirghizia. We focus our analysis on comparison of decoupled 
explosions centered in spherical cavities with tamped explosions of the same yield. Full 
decoupling for 1.0 ton explosions was shown by comparison of signal amplitudes from 
explosions of the same yield in different size cavities (Stevens et al., 2004). Good three-
component recordings are available at 5 km from 1.0 ton decoupled and tamped explosions, and 
at 10 km from 6 ton decoupled and tamped explosions.   
 

3.3 Observations 

3.3.1 Introduction 
This section is arranged by type of observation, which include very near source S, a special focus 
on very near source SH, the evolution of relative Sg and Lg amplitudes between components 
from local to near regional distances, Sn at regional distances, and Rg spectra, attenuation, and 
dispersion from very near the source to local and regional distances. 
 
3.3.2 Very Near Source S from Degelen Mountain Nuclear Explosions 
The proximity to the source that distinct impulsive S waves are observed is central to 
understanding explosion shear wave generation. We begin with examples from nuclear 
explosions at Degelen Mountain from 7 km on out, for which only vertical and radial records 
exist. The most important near-source observation from the Degelen explosion records is that 
near-source Sg exists as a distinct phase from Rg. A persistent Rg and an Sg that increases in 
amplitude with distance are both clearly visible on near-source records from Degelen explosions. 
Figure 4 shows the vertical near-source records for the 1.5 Kt event of 12/15/1971, with the Rg 
phase included (left column) and cut off (right), since scaling to the amplitude of the large Rg 
leaves other phases indistinct. There is a small but distinct arrival on each record, marked by an 
S-wave pick (labeled S). All of the S-minus-P times are consistent with the known velocity 
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structure at Degelen, indicating that Sg comes either directly from the source or is scattered 
almost instantly. It is clearly a separate shear wave phase from the very large Rg phase. The S-
wave is very small at 7 km distance, and grows relative to P with distance, consistent with a 
CLVD source, which has a horizontal null in S radiation. Rg from the Degelen explosions 
persists to at least 100 km. The phase is also clear on the radial records, and on both vertical and 
radial records from 14 to 50 km for the 78 Kt explosion of 07/17/1987.  
 

 

Figure 4.  V ertical records for the 1.5 Kt, 12/15/71 Degelen explosion, aligned on the P-wave arrival, with the S-
wave arrival marked (labeled S). Rg is included on the left and excluded on the right, as scaling for its amplitude 
otherwise swamps the smaller S arrival. Distances in km are listed to the upper right of each trace. Strong Rg 
persists to at least 24 km, and is observed to remain strong to at least 100 km in other Degelen events. Distinct S 
waves are apparent at the predicted S-P times and grow with distance. 

 
3.3.3 Very Near Source SH and SV in NPE Records 
As discussed in the previous section, much of the work on tangential component shear waves has 
focused on explaining how they scatter from SV. This set of observations suggests that not only 
are some shear waves generated at or scattered almost instantaneously very near the source, as 
the Degelen observations indicate, but that this suggestion holds for SH as well as SV. 
 
The heavily instrumented NPE provides extensive observations at all azimuths very near the 
source. This section focuses on the near-source, three-component, accelerometer recordings of 
the NPE from DNA, LANL, LLNL, and SMU instruments at the surface and at shot depth in a 
tunnel (Figure 5). The tunnel records range from 382 to 1099 m distance, and the surface records 
range from immediately above the source to 2120 m distance. 
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Figure 5. Locations of the NPE (red circle) and surface (black triangles), and tunnel accelerometers (inverted, blue 
triangles). 

 
Three-component records of the NPE show that SH as well as SV are observed very close to the 
NPE. Figure 6 shows three examples at similar distances, at azimuths of 200°, 310°, and 154° 
respectively, of accelerometer records integrated to velocity. All have horizontal-component 
arrivals at the predicted S time (red lines), with tangentials on some records much more 
prominent than the radials. Records at slightly greater distances and other azimuths show similar 
observations. 
  

 

Figure 6. Tangential, radial, and vertical velocity (integrated accelerometer data) records 663 to 789 meters from the 
NPE epicenter. Amplitudes are generally larger on the horizontals at the predicted S time (red lines), and the 
tangentials are often more prominent than the radials. 
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The extensive coverage (Figure 5) very near the source of the NPE may provide the best data set 
ever assembled for addressing the question of how close to the source SH and SV are observed. 
Stations extend from within 200 m of the source, within the zone of nonlinear yielding and 
cracking (see section on source simulations), out to 2000 meters. We integrate the accelerometer 
records to velocity, make envelope functions, color code them by phase windows, and plot them 
at their relative positions to the source (Figure 7). P waves (blue) have large radial and vertical 
amplitudes, and small tangential amplitudes, which indicates that there are no significant rotation 
errors. At the expected shear wave time (red), both the radial and tangential amplitudes are large 
and the vertical amplitude decreases. Predicted shear wave times are based on observed P-wave 
travel times and an assumption of a Poisson solid. As these records extend from well within the 
damage zone out to a couple of km, there is little opportunity for the shear waves to have been 
scattered from P or Rg. Also, if there were P or Rg at the predicted S time, the vertical 
components would not be so much smaller than the tangentials.  
 

    
 

 

   
Figure 7. Envelope functions of 30 tangential, radial, 
and vertical surface velocity records 200 to 2000 meters 
from the NPE (top left, top right, and bottom left 
respectively) and a single set of 3-component tunnel 
seismograms recorded 3.8 km from the NPE (lower 
right). All data are presented as velocity, integrated from 
acceleration recordings. Traces of the envelope 
functions are blue from the initial P through 90% of the 
predicted S travel time (Sttpred) and red from Sttpred to 
2 times Sttpred. The NPE location is indicated by the 
red asterisk at (0,0). Components are scaled the same for 
each station. Tangential and radial amplitudes at the 
predicted S times are large, while the verticals are mixed 
(mostly small, but some large).  
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Observations of large tangential arrivals are consistent at greater distance as well. Figure 8 shows 
another example, acceleration records integrated to velocity, recorded 3.8 km from the NPE. In 
later sections on the evolution of Sg and Lg, we see that those phases continue to generally be 
most prominent on the horizontals, especially the tangential. 
 

 

Figure 8. Seismograms at 3.8 km. The red line shows predicted S time. 

 
3.3.4 Very Near Source SH and SV from a Decoupled Explosion 
Three-component recordings from nearly co-located tamped and decoupled explosions provide 
further opportunity for observation of near source shear waves. The decoupled explosions were 
detonated in the center of a 4.92 m radius cavity, 290 m deep, in limestone with a P-wave 
velocity of 5.5 km/s. The data come from decoupling experiments carried out in Kirghizia 
(Murphy et al., 1997; Stevens, et al., 2003b). Two of the explosions were of 1 ton, and two of 
6 tons. The explosions are sufficiently overburied that the influence of the free surface should be 
negligible, so both the tamped and decoupled explosions should be equally well represented by 
spherical point explosions.  
 
Mechanisms proposed to explain explosion-generated shear waves include direct generation of 
shear waves from the damage zone, which is asymmetric because of the influence of the free 
surface, and scattering from Rg to Lg. Both have been modeled using a CLVD source. The 
CLVD approximates the yielding and cracking that occurs preferentially closer to the free 
surface. In the first, the shear waves are directly due to the CLVD source. In the second, 
common spectral nodes in Rg and Lg are taken as supporting the Rg-to-Lg scattering 
mechanism, based on the idea that some portion of the Rg is generated by the CLVD source and 
has spectral nulls consistent with a CLVD at a shallower depth than the explosion source. Bonner 
et al. (2003) used this idea to fit spectral nulls by varying depth and relative size of a CLVD to 
explosion source.  
 
Figure 9 shows three-component seismograms and spectrograms recorded on the surface 5 km 
from the fully decoupled (left) and tamped (right) 1 ton explosions. Data are high-pass filtered 
above 4 Hz to remove the dominant Rg phase. The decoupled explosion has 60 times smaller P-
wave amplitude, but the waveforms are remarkably similar. Lack of damage in the spherical 
cavity after the decoupled explosions indicates that there was no seismic generation by cracking 
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and yielding, so the sources are expected to correspond closely to point spherical explosions with 
no CLVD component. The similarity of the waveforms indicates that the tamped explosion also 
does not have a significant non-spherical component. Figure 10 is similar, but for decoupled and 
tamped 6 ton explosions at 10 km. Data recorded at 5 km from the 6 ton explosions are also 
consistent with the observation that waveforms for the explosions are similar.  
 
The large tangential arrivals at the expected S-wave times (Figure 9 and Figure 10, vertical red 
lines) for both tamped and decoupled explosions are unexpected and difficult to explain. Time 
from the origin is not known, so the predicted S times are based on the P-wave velocity of 
5.5 km/s, the distances, and the assumption of a Poisson solid. Because we are quite certain that 
there is no significant non-spherical source component, the question is “what causes the large 
shear tangential wave?”. The arrival is distinct from Rg, precedes it, is of different frequency 
content, and is most prominent on the tangential, so scattering from the point explosion Rg is also 
questionable. None of the mechanisms we have considered will directly generate tangential shear 
waves from a fully decoupled explosion in a spherical cavity. Thus, the source of tangential shear 
waves that appear to come directly from the source or from scattering very near the source 
becomes the greatest remaining mystery in the generation of shear waves from explosions.  
 

 

Figure 9. Tangential, radial, and vertical seismograms and spectrograms from one ton explosions, decoupled on the 
left and tamped on the right. The decoupled explosion was in a 4.92 m radius cavity, and has a factor of 60 smaller 
vertical P wave amplitude. Seismograms are scaled by the vertical P amplitude, so all three components for each 
event are plotted on the same scale. All the spectrograms use the same color scale. Red lines indicate the predicted S 
arrival times. 



 

16 

Most of the observations we have made can be used to distinguish the relative contributions of 
different mechanisms to Lg generation, depending on source conditions. Some of the tangential 
observations may require modifications to the direct source generation mechanisms that take 
into account 3D structure. The tangential S could be due to P-to-S conversion in the 3D 
structure, but the consistency of the arrival time with direct S suggests that it is source 
generated, which we cannot currently explain with any of the proposed mechanisms. 
Consistent SH was also observed between the 5.4 kt tamped nuclear explosion Salmon, and 
Sterling, a decoupled explosion that was detonated in the Salmon cavity, so this observation is 
not unique to the Kirghizia tests shown here. 
  

 

Figure 10. Tangential, radial, and vertical seismograms and spectrograms from six ton explosions, decoupled on the 
left and tamped on the right. The decoupled explosion was in a 4.92 m radius cavity, and has a factor of 24 smaller 
vertical P wave amplitude. Seismograms are scaled by the vertical P amplitude, so all three components for each 
event are plotted on the same scale. All the spectrograms use the same color scale. 

 
3.3.5 Local Sg and Lg: Often Largest on the Tangential, Nonexistent on the Vertical 
Unfortunately, observations from DSS explosions very near the source were ambiguous. 
Discrepancies between given station locations and offsets, possible timing errors, and noisy, spiky 
records near the sources prevent us from conclusively determining whether or not Sg is present 
very near those sources. We use the DSS records in this and the following sections to observe the 
evolution of seismic phases from tens to hundreds of km, at intervals of every 10 to 15 km.  
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One persistent question regarding explosion-generated shear waves has been the origin of 
tangential Lg. The observations above indicate that tangential shear wave energy appears very 
near the source. The DSS records let us connect that observation to local and regional Sg and Lg.  
 
Figure 11 shows three-component seismograms and spectrograms from 48, 87, 138, and 198 km 
east of Quartz-3, three-times overburied at 726 m for an 8.5 kt nuclear explosion. The shear 
waves are larger, earlier, and higher frequency on the tangential compared to the radial 
component, and are not at all apparent on the vertical component. There is a persistent Rg, 
distinct from the Sg phase.  
    
  

 

 

Figure 11. Tangential, radial, and vertical seismograms and spectrograms of the east Quartz-3 line at 48, 87, 138, 
and 198 km. Red lines indicate 3.6 and 3.0 km/sec group velocities, blue and green lines show 2.5 and 2.0 km/sec.  
All 3 seismograms and spectrograms for each station are plotted on the same scale. At the closer distances, the 
tangential shear waves are earlier than the radial component shear waves. At 198 km, the Lg on the radial and 
tangential components are comparable, and a large Rg persists on the radial and vertical components. 
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3.3.6 Large Impulsive Sn on Regional Degelen and DSS Records 
Regional records from the 1.5 kt Degelen explosion data of Figure 4, and a 37 kt Degelen 
explosion, show large impulsive Sn (Figure 12). Both are at 82% of scale depth, which is fairly 
typical for Degelen explosions. Lg is also prominent in these records, especially on the 
tangential, consistent with local records in the previous section. 

 

 

Figure 12. Tangential, radial, and vertical seismograms filtered from 0.6-3.0 Hz from two Degelen explosions 
recorded at BRVK. Tangential Lg (bracketed by red lines) is more impulsive and earlier than the radial Lg and the 
very impulsive Sn is clear on all components. 

 
The tangential Lg is concentrated near the early end of the Lg window, while the radial is more 
diffusely distributed with later Lg. The Sn’s impulsiveness suggests direct generation at the 
source, while the relative timing of the horizontal Lg is difficult to reconcile with the tangential 
energy coming from randomization of radial and vertical Lg. That is, if the three components 
were completely randomized by scattering, all three components would be similar in appearance. 
However, the early arrival on the tangential component suggests either that SH generated by the 
source is being observed, or that randomization is slow enough to allow the Lg in the faster Love 
modes to persist. 
 
Figure 13 demonstrates similar observations of large impulsive Sn from Quartz-4, one of the 
DSS explosions. In contrast to the underburied Degelen explosions, Quartz-4 was buried at 
slightly more than twice scale depth in a source area characterized as a granite half-space, 
overlain by just 10 – 15 m of sediments (Kitov, 1997). Figure 13 shows tangential, radial, and 
vertical record sections to 1000 km westward from Quartz-4. Sn and Lg are most prominent on 
the tangential components, then the radials, but are barely perceptible on the verticals, where 
nonetheless almost all measurements of Lg have been made. Strong Sn is observed from most of 
the typically overburied Peaceful Nuclear Explosions (PNEs) used as DSS sources (e.g. 
Morozov, et al., 2001). Figure 14 and Figure 15 show strong Sn from 4 different DSS 
explosions. 
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 Figure 13. Westward record sections out to 1000 km 
from Quartz-4. Sn is most distinct on the tangentials 
(upper left), but also clear on the radials (upper right), 
at ~140 second at 1000 km. Time axis is reduced by 
range/10. Sn and Lg are quite faint on the verticals 
(lower left). Lg arrives at ~225 seconds at 1000 km. 

 
 
Figure 14 shows sets of tangential, radial and vertical records from each of 4 DSS explosions, 
high pass filtered above 4 Hz. Sn around 90 seconds (time is reduced by range/10; distances are 
657, 618, 618, and 629 km) is clearly visible on the tangential (top) and radial (middle) traces.  
 
Figure 15 shows clear, strong Sn phases in the same set of records high pass filtered above 8 Hz. 
Quartz 2-4 explosions were at depths of 726, 759, and 557 m respectively, much more than the 
Rg wavelength at 8 Hz of 337 m, assuming an Rg velocity of 2.7 km/sec. Thus it appears that 
this S-wave energy must be either being directly generated by the source or scattered from P 
rather than Rg waves. 
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Figure 14. Tangential (top row), radial (middle), and vertical seismograms from 4 DSS explosions, high pass 
filtered above 4 Hz, showing distinct Sn shortly before 100 seconds, especially on the horizontal components. 

 

Time (seconds) Time (seconds)Time (seconds)Time (seconds)  

Figure 15. Tangential (top row), radial (middle), and vertical seismograms from 4 DSS explosions, high pass 
filtered above 8 Hz, again showing distinct Sn shortly before 100 seconds, especially on the horizontal components. 
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3.3.7 Rg Observations from Degelen and DSS Explosions 
Observations of Rg spectra, decay rates, and dispersion under different source and near source 
conditions will provide constraints on models of Rg to Lg scattering.  
 
Figure 16 shows the dispersion observed in a vertical component record taken 24 km from a 1.5 
kt Degelen explosion, one of the records shown in Figure 4.  
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Figure 16. Dispersion of vertical component Rg recorded 24 km from a 1.5 Kt Degelen explosion. 

 
Figure 17 through Figure 21 provide examples of the distances over which Rg is observed from 
DSS explosions. In three-component records from 417 km east of Quartz-3 (Figure 17), Rg is by 
far the dominant phase at 0.5 – 1.0 Hz (left), and is still quite prominent at 1.0 – 2.0 Hz (right).   
  

 

Figure 17. Three-component records from 417 km east of Quartz-3 filtered from 0.5 – 1.0 Hz (left), and 1.0 – 2.0 
Hz (right), showing strong Rg phases at 175-200 seconds. 
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Rg is not as strong from Quartz-4, but is still apparent at 163 km distance (Figure 18). The left 
side of Figure 18 shows the vertical seismogram, and the right side shows the vertical and 
Hilbert transformed radial components overlain. All traces are filtered from 0.5-1.5 Hz. The 
traces are in phase for a segment of the seismogram beginning at 41 seconds, consistent with 
expectations for an Rg phase with a 2.8 km/sec group velocity. Figure 19 shows a similar 
observation from Quartz-2 at 175 km. 
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Figure 18. Vertical seismogram from 163 km east of Quartz-4 (left), and overlain vertical and Hilbert transformed 
radial components, normalized for clearer comparison of the phase (right), with all records filtered from 0.5-1.5 Hz. 

 

20 6040 50454035
Time (seconds)Time (seconds)

Vertical and
Hilbert Transformed

RadialRg

 

Figure 19. There is a prominent Rg in the vertical component, filtered from 0.5 – 1.0 Hz, at 175 km from Quartz-2 
(left). The Hilbert transformed radial and the vertical traces are in phase starting at 42 seconds (right), indicating an 
Rg velocity of 2.9 km/s (time is reduced by range/10). 
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Figure 20 shows three-component records of a 90 kt (Mikhailov, et al., 1996) Degelen explosion 
on 4/25/1971, recorded at BRVK, 651 km distance, filtered from 0.5 to 1.5 km/sec. There is a 
prominent arrival that we identify as Rg at 240 seconds on the radial and vertical components. 
Figure 21 shows the Hilbert transformed radial and the vertical components overlain. This 
demonstrates that from approximately 240 onward, the radial and vertical are 90° out of phase, 
as expected for Rg. Similar phase synchronicity does not occur in data without prominent 
arrivals within those windows. Figure 22 and Figure 23 confirm the identification of Rg with 
similar plots of another Degelen explosion, this one on 6/28/1970. The yield is not known, but it 
is slightly smaller, with an mb of 5.87 vs. 6.08, than the event of Figure 20 and Figure 21. 
   
The large disparity between NTS explosions, where Rg is almost never observed, and Degelen 
and DSS explosions, where 1 Hz Rg persists to very large distances, suggests we should expect 
significant differences in the amount of Lg due to scattered Rg between the two regions.  
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Figure 20. Three component records of a 90 Kt Degelen explosion, recorded 651 km distance, filtered from 0.5 to 
1.5 km/sec. Because these are long period instruments, the spectra of the bandpassed records is from 0.5 Hz to 1 Hz. 
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Figure 21. Vertical and Hilbert transformed radial seismograms from 3.26 to 2.17 km/sec group velocities. Their 
correspondence from 240 seconds (~2.7 km/sec) onward suggests dominance of Rg in that window.  
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Figure 22. Three component records of an mb 5.87 Degelen explosion, recorded 651 km distance, filtered from 0.5 to 
1.5 km/sec. Because these are long period instruments, the spectra of the bandpassed records is from 0.5 Hz to 1 Hz. 
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Figure 23. Vertical and Hilbert transformed radial seismograms from 3.26 to 2.17 km/sec group velocities.  As in 
Figure 21, the traces overlay neatly from just before 240 seconds (~2.7 km/sec), as expected for Rg.  

 

3.4 Summary of Observations and Their Implications 

Table 4 lists some of the new observations from the project. There are three principal 
conclusions that can be drawn from these observations: 1) There is strong evidence for shear 
waves generated directly by the source which are observable at regional distances; 2) there is 
strong evidence for transverse Lg generated directly by or very close to the source that cannot be 
explained by a spherically symmetric explosion, CLVD or any other axisymmetric source; and 3) 
the Rg phase persists to great distances in some earth structures, notably Central Asia. That does 
not necessarily mean that Rg scattering is not also contributing to the Lg signal. That is, these 
observations show that S is generated directly by the source and is observable in local records, and 
that the explosion generates an impulsive Sn phase and will therefore also generate Lg. However, 
Lg due to Rg scattering may be superimposed on this signal. The persistence of Rg in Eurasia 
suggests that the scattering rate there may be quite different from the western United States. 
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Table 4. Summary of some new observations and their implications. 

Observations Implications 

Sg (tangential and radial) is observed 
very near the source for the NPE, Deep 
Seismic Sounding (DSS) profiles, and 
Degelen explosions. 

Some shear waves, both SH and SV, must be 
generated at or very near (within 100s of meters 
of) the source. 

Rg persists to hundreds of km in the 
DSS data. 

The rate of Rg scattering and attenuation in 
Eurasia are very different from the Western US 
and this may reduce Lg generated by Rg 
scattering. 

Distinct impulsive Sg and Rg are 
clearly separate at a few km to 100s of 
km from Degelen and DSS explosions. 

Temporally compact shear waves are generated 
independent of Rg scattering for many of the data 
sets. 

Shear wave phases are usually larger 
on horizontal than vertical 
seismograms. 

Additional relevant information about the 
explosion source is contained in the horizontal 
component of Lg. 

Large, impulsive, and high frequency 
Sn is observed from Degelen and DSS 
explosions. 

Sharp Sn is consistent with generation at or very 
near the source, and inconsistent with a 
distributed scattering process. Higher Sn 
frequencies than are expected in Rg from deep 
overburied DSS explosions suggests an alternate 
source. 
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4 MODELING 

4.1 Introduction 

In this section we describe three distinct types of modeling. First, we address source physics 
using 2D, axisymmetric, Lagrangian, finite-difference calculations of the source, including 
plastic yielding, cracking, utilizing source media strength and the effects of gravity and the free 
surface. Second, we use 2D and 3D finite-difference calculations in heterogeneous media with 
topography to investigate Rg-to-S scattering, conversion and trapping of P-to-S waves, and 
changes in S polarization. Finally, we present the initial results of a new type of modal 
calculation used to investigate Rg-to-Lg scattering, including identifying the frequencies and 
group velocities most affected by such scattering, and the placement of upper bounds on Lg 
scattered from Rg. 
 

4.2 Source Calculations 

4.2.1 The Nonlinear Explosion Source Near the Free Surface 
The first approximation for an explosion is usually taken to be a point, spherically symmetric 
dilatational source. While this would be correct for an explosion in an infinite, uniform medium, 
the presence of the earth surface renders that description inadequate. The explosion source can 
be modeled more realistically using non-linear finite difference calculations of explosions in a 
realistic earth model with gravity (Stevens et al., 1991). This approach models all near-source 
effects including spall, cracking, and nonlinear deformation.  
 
The seismic source generated by a realistic explosion can be described in various ways. Since a 
large part of the deformation is related to spallation of the surface layers, a natural characterization 
of the source is in terms of a horizontal tension crack at a shallower depth than the compressional 
source (Day and McLaughlin, 1991). The source can also be described by a multipolar expansion 
(e.g. Stevens, 1980), which for axisymmetric configurations includes a spherically symmetric term, 
a CLVD term, and higher order terms. Since the spherically symmetric term generates little Lg in a 
high velocity source medium, it is reasonable to expect that the CLVD term would characterize the 
complex explosion source for Lg. Patton and Taylor (1995) suggest that this is the case and that the 
CLVD source is more consistent with the data than the tensile crack source. Gupta and Wagner 
(1998) point to spectral nulls in Lg from NTS explosions as evidence that Lg is generated by Rg 
scattering from the CLVD source. It is puzzling, however, why the nulls are not filled in by Rg 
from the direct explosion, which is large and has nearly flat spectra over frequencies corresponding 
to wavelengths greater than the source depth. 
 
We use a two-dimensional axisymmetric Lagrangian finite difference code, CRAM, to simulate 
nonlinear wave propagation from tamped underground explosions. The code has been used 
successfully for many ground motion calculations in our previous work. In this study we 
performed nonlinear calculations for three very different types of source conditions: first, the 
non-proliferation experiment (NPE), which was conducted at the Nevada Test Site (NTS) in a 
very low-velocity medium; second, a typical Degelen Mountain explosion which took place in a 
high-velocity granite medium; and third, an overburied explosion in a high-velocity medium, 
which we compare to DSS data. Descriptions of these calculations follow. 
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4.2.2 NPE Calculation  
We performed a calculation of the Non-Proliferation Experiment (NPE) using detailed rock 
properties from Rimer et al. (1994). The NPE was a chemical explosion with yield equivalent to 
one kiloton of TNT. The material geology at the NPE site is based on that of the nearby Misty 
Echo event and consists of four layers. Layers 1 and 4 are non-porous, and layers 2 and 3 have 
porosities of 3% and 0.5% respectively. The explosive is in a cylindrical cavity centered at 389 
m depth, and is 7.7 m in radius (horizontally) and 5.2m in height (vertically). In Figure 24 (left) 
we show the extent of yielding and cracking from an HE source of 1.315 kt of a 50/50 
ANFO/emulsion mix. The region of nonlinear deformation near the explosion is approximately 
spherical, but elongated and slightly offset vertically. The region of cracking is confined to near 
the free surface. This explosion is deeply overburied, so there is less asymmetry than in a 
normally buried explosion.  
 
We calculated full waveform synthetics from this calculation at a distance of 400 km. The 
synthetics are derived by saving the stresses and displacements on a monitoring surface outside 
the nonlinear region near the explosion and integrating with a Green’s function calculated using 
wavenumber integration. Figure 24 shows the region of yielding and cracking, which generate 
shear waves, from the simulated NPE explosion (left). On the right, we compare data recorded at 
400 km (top), and synthetics from a point explosion, a CLVD source, and from the source shown 
on the left. Because this is a very low velocity structure, the crust effectively traps P->S 
converted waves from the explosion, so the full waveform including the Lg phase from the 
complex explosion source is modeled quite well by a point explosion source. 
 

 
 

   

Figure 24. Region of nonlinear deformation and cracking from the NPE calculation (left). The near circular area of 
deformation is similar to that of a point explosion. Vertical seismogram at 400 km from the NPE (top), and 
corresponding synthetics for a point explosion, a CLVD, and the non-linear source model at the same depth. (1 kt at 
390 m depth) (right).  
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4.2.3 Degelen Mountain Calculation  
We performed calculations for an underburied nuclear explosion at the Degelen Mountain test 
site. Material properties were taken from a detailed study of Degelen explosions (Stevens et al., 
2003b). In that study, near field records were separable into either a group with quite narrow 
pulses or a larger group with wider pulses. The differences are likely due to differences in source 
media strength. Calculations were performed for both the “wide pulse” and “narrow pulse” 
models, although corresponding regional seismograms showed no difference and we expect 
synthetics to have little dependence on which source strength model is used. Figure 25 shows the 
results for the wide pulse model. The Degelen site consists of granite with a P-wave speed of 5.1 
km/s in the top 1.3 km. In this calculation, the initial cavity is spherical, 7.3 m in diameter, and its 
center is 300 m deep. The “cavity” in this case corresponds to the region vaporized by the 62 kt 
nuclear explosion. The shape of the region of elastic deformation (Figure 25, left) is much different 
from the NPE and more typical of explosions at or above standard containment depth (Standard 
containment depth is approximately 122Y1/3 meters where Y is yield in kilotons (Murphy 1977), or 
480 meters in this case). Note that the non-linear region is more conical than spherical. 
 
As before, full waveform synthetic seismograms were computed for this calculation and 
compared with synthetics from a point explosion source and a point CLVD source. In this case, 
synthetics were calculated at 650 km, the distance from Degelen to Borovoye (BRVK). Figure 25 
(right) shows data for a 332 m depth Degelen explosion recorded at BRVK and the synthetics from 
the three sources. Because the Degelen test site is a high-velocity structure, P->S converted 
waves are not trapped in the crust. Thus, the point explosion generates only a small Lg phase. 
The asymmetric part of the source, however, which can be modeled approximately as a CLVD 
source, generates shear waves directly. It therefore generates stronger Lg as well as a sharp Sn 
phase. It is clear from Figure 25 (right) that the CLVD source dominates the regional 
seismogram, and more detailed analysis shows that the complete source can be modeled quite 
well as a point explosion plus a CLVD with half the explosion moment. 
 

    
Figure 25. Region of nonlinear deformation from the Degelen Mountain calculation (left). Data at 650 km from a 
332 m deep Degelen explosion (top right), and corresponding synthetics for a point explosion, a CLVD, and the 
non-linear source model. The point explosion does not generate the observed shear waves. The CLVD and nonlinear 
source models however do produce the observed Lg and large Sn. 
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4.2.4 Overburied, High-Velocity Source Medium Calculation 
We performed another source calculation for a 62 kt explosion in the high-velocity Degelen 
structure, but this time at 1000 meters depth, 2.1 times the scale depth of 483 m. The primary 
region of deformation around the explosion is approximately spherical (Figure 26, left), but there 
is an additional region of spall and similar non-linear behavior near the free surface. The 
deformation region is similar to that for the overburied NPE (Figure 24), but the regional seismic 
phases are much different. The deeper explosion generates a smaller direct S phase and smaller Lg.  
 
None of the Degelen explosions were this deep or overburied, but we compare synthetics with data 
from the 10 kt, 557 m deep (also 2.1 times overburied) DSS explosion Quartz-4, which, like the 
Degelen explosions, had its source in a high-velocity granite. Data are shown at 291 km from 
Quartz-4 (top right), and synthetics (at 300 km) for a 62 kt, 1000-m deep point explosion, a CLVD, 
and the non-linear source model. Even the CLVD only generates a small part of the observed shear 
waves, but the CLVD component should be very small for such an overburied explosion. This 
overburied source in a high velocity medium does not produce the observed regional shear waves. 
This prompts us to investigate scattering mechanisms, which we discuss in the next section.  
 

  

Figure 26. Regions of nonlinear yielding and cracking from an explosion in a high velocity structure similar to the 
Degelen test site (left). Data at 291 km from an 10 kt, 557 m deep (2.1 times overburied) DSS explosion in high-
velocity media (top), and synthetics (at 300 km) for a 62 kt, 1000 m deep (2.1 times overburied) point explosion, a 
CLVD, and the non-linear source model.  

 

4.3 Source Velocity Amplitude Dependence for Constant RDP Vs. Constant Moment 

We have used the dependence of Lg amplitude on the source region P-wave velocity relative to 
the upper mantle S-wave velocity in the preceding discussion. There is, however, an element of 
the dependence on source media velocity of Lg amplitude, from a spherical point explosion, 
which we have not yet discussed. Conventional wisdom is that Lg generated by a point explosion 
decreases dramatically for high-velocity structures. This effect is amplified, and almost certainly 
exaggerated, by fixing the explosion moment.  Figure 27 shows a calculation of Lg amplitudes 
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for a point explosion source for a series of structures with varying properties in the uppermost 
layer. Lg is calculated using modal superposition, excluding the fundamental mode. The 
structure is shown at the upper left of Figure 27, the seismograms on the bottom, and the 
measured RMS amplitudes on the upper right. Two curves are shown in this plot – one for 
constant moment of 1016 N-m, and one for constant RDP, corresponding to the RDP of an 80 kt 
Mueller-Murphy Tuff/Rhyolite source. The seismograms are shown on a constant scale for the 
fixed RDP source. To the extent that the Lg amplitude is proportional to RDP, the dependence on 
source medium is reduced substantially. 

 

  

 

Figure 27. Lg generated by a point explosion source in structures with varying source media. Bottom – 
seismograms with Lg window marked, scaled for fixed RDP. Top left – source region structure with velocity varied 
in the top layer. Top right – RMS amplitude in Lg window for fixed moment and fixed RDP. 
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In general, M0 increases and RDP decreases with source velocity, although the relations are 
inconsistent because of other characteristics of the source media (Figure 28). Values in these 
plots are derived from numerical (n) and empirical (e) models of U.S. nuclear tests (Stevens and 
Day, 1985), and numerical models of Degelen nuclear tests (Stevens, et al., 2003a). 
 

 

Figure 28. Moment (left) and RDP (right) vs. source P-wave velocity for two sets of simulations. 

 

4.4 Scattering Calculations  

4.4.1 Introduction 
In the previous section, we saw that vertical-component regional shear waves from nuclear 
explosions at any scale depth in low-velocity source media and from underburied explosions in 
high-velocity source media are well modeled. Trapped surface P-to-S converted energy produces 
the observed Lg for the first case, and Lg and Sn are produced directly by vertically asymmetric 
deformation of the source region in the second case. For overburied explosions in high-velocity 
media, however, the surface P-to-S converted phase is not trapped in the crust and the region of 
deformation is not highly asymmetrical. For that reason, we use 2D finite-difference calculations 
to address how scattering near the source can affect regional shear waves. Specifically, we first 
address the extent to which scattering induced changes in incidence, due to topography, lateral 
heterogeneity, and the combination, can trap surface P-to-S converted energy in the crust. Then, 
we address the effect of topography and lateral heterogeneity on Rg scattering to S. Finally, we 
extend the calculations to 3D to verify the validity of the 2D calculations and to investigate 
scattering to the tangential component. 
 
4.4.2 Models 
To investigate P-to-S and Rg-to-Lg scattering, we compare results of finite-difference 
calculations for five models, using a point explosion source at 325 m depth. The first is a 
homogeneous, horizontally layered velocity model appropriate for Degelen Mountain (Figure 29, 
left side). The second model is that base model plus the topography at Degelen Mountain. 
(Figure 29, 2nd from left). It uses a topographic profile along an east-west line through Degelen, 
while maintaining the average upper layer thickness. The third model is the base model plus 
zeroth order Von Karman distributed P- and S-wave velocity variations with a 5% standard 
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deviation, an aspect ratio of 1, and a correlation length of 1 km in the upper 1.5 km (Figure 29, 
center). The correlation length corresponds to the Rg wavelength in the passbands of interest and 
so should effectively scatter it. The fourth model combines the topography and upper layer 
heterogeneity (Figure 29, second from right). The fifth model adds heterogeneity throughout the 
crust to the 4th model. The heterogeneities below the surface layer also have 5% standard 
deviation, but are asymmetric with a 5:1 horizontal-to-vertical aspect ratio. This last model is 
intended to test whether additional surface-converted P-to-S wave energy can be trapped by 
scattering induced changes in incidence.   
 
With 50 meter grids and a minimum S-wave velocity of 3.025 km/s (in the homogeneous 
models), the minimum resolvable wavelength is 500 meters, due to the requirement of 10 grids 
per wavelength. That corresponds to a maximum resolvable frequency of 6 Hz. That is, an upper 
bound and will be slightly smaller in the heterogeneous models with 5% standard deviation 
velocity heterogeneities. 
 

Homogeneous 
Model 

Homogeneous 
Model Plus 
Topography 

Heterogeneity in 
Upper 1.5 km, No 

Topography 

Heterogeneity in 
Upper 1.5 km, Plus 

Topography 

Heterogeneity 
Throughout Crust, 
Plus Topography 

 

 

 

  

Figure 29. Models used in the scattering calculations. The far left plot shows the 1D homogenous base model. The 
second plot shows a 200 x 200 km shaded relief image centered on Degelen Mountain. The next 3 plots show 5 km-
deep-by-10-km-wide slices of the heterogeneous models described in the text. The source is always 325 m deep, and 
its position for the models with topography is in the center (horizontally) of the snapshots shown. 

 
4.4.3 Scattering of the Surface P-to-S Converted Phase  
The source P-wave velocity in these models is greater than the upper mantle S-wave velocity, so 
in the base model where there is no scattering that will change the wavenumber, the energy in pS 
(the free surface P-to-S converted phase) is expected to propagate into the mantle. There is some 
Sg or Lg seen in the base model record section (Figure 30, left side). That, however, is due 
primarily to the non-geometric P-to-S scattered phase S* (e.g. Vogsfjord, 1997), which we will 
address in the discussion of Figure 33. For the model with topography, the Sg or Lg phase is 
more prominent, indicating that the incidence of pS is sufficiently randomized by the irregular 
free surface that some is now trapped in the crust (Figure 30, second from left). Adding 
heterogeneity to just the surface layer makes little difference to pS (Figure 30, center). The 
record section for the fourth model also looks much like that of the second. That is, adding 
surface layer heterogeneities to the model with topography changes little in the records. The 
addition of heterogeneity throughout the crust causes an increase in coda throughout the records 
but does not appear to amplify Lg. 
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Figure 30.  Radial record sections for a 325 m depth point explosion filtered from 3 to 5 Hz, from 25 to 225 km. 

 
Figure 31 shows just the Lg windows at 225 km, filtered from 3 to 5 Hz, for each model. These 
are the most distant traces of each record section in Figure 30. The rms amplitudes of the Lg 
phases corrected for pre-Lg noise levels, listed to the left of the radial traces and right of the 
vertical traces, are given as a percent of the RMS Lg amplitude for the homogeneous model with 
topography added. The RMS Lg amplitude is larger for the models with topography, and 
topography appears to be the most important factor in trapping pS in the crust. 
 

Time (seconds)

Base Model

  Base plus 
Topography

Base plus Shallow 
    Heterogeneity

     Topography and
Shallow Heterogeneity 

  Topography and
    Heterogeneity
Throughout Crust

21%

85%

91%

14%

100%

Time (seconds)

53%

79%

103%

56%

100%

Radial Vertical

64 68 72 7466 70 64 68 72 7466 70

 

Figure 31. Radial (left) and vertical (right) component Lg (3.6 to 3.0 km/s) at 225 km for each of the models. All 
five traces are plotted at the same scale. Percentages to the left of each radial and right of each vertical trace are rms 
amplitudes as a percent of the radial and vertical records’ RMS amplitudes respectively for the homogeneous base 
model with topography added. 

 
Figure 32 illustrates how broken up the pS wavefront is in the model with topography (lower 
row), compared with the flat-layered base model (upper row). It shows snapshots of the curl of 
the velocity, which isolates the shear waves (specifically the pS phase) shortly after the 
explosion. The source is at 325 meters below the free surface, in the horizontal center of the 
snapshots. 
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Figure 32. Snapshots of the curl of the velocity just after the explosion, for the homogeneous base model (top row) 
and model with topography (bottom row) illustrate the effect of topography on pS. The black line in the lower row 
shows the free surface.  

 
The S* mechanism predicts conversion of P to S waves from sources within a small fraction of 
the wavelength from the surface due to curvature of the P wavefront (e.g. Vogfjord, 1997). 
Degelen sources were largely between 100 and 300 m depth. The source depth for all the 
synthetics shown in Figure 30 – Figure 32 is 325 m. Figure 33 shows the dependence of S-phase 
amplitudes on source depth relative to wavelength, using wavenumber synthetics. They show 
large S amplitudes, arriving at approximately 64 seconds for source depths less than 20% of the 
wavelength, and virtually no S for source depths approximately equal to the wavelength. The 
record for the 300 m source depth, filtered from 3-5 Hz, has a small but clear S phase. This 
suggests that most of the Lg in the base model synthetics of Figure 30 – Figure 32 is due to S*.  
 

 

Figure 33. Wavenumber synthetics, at 225 km, for the homogeneous model at 1 Hz (left) and 4 Hz (right), for 
sources at 50 m, 100 m, 300 m, 500 m, and 1000 m.  S* arrives at approximately 64 seconds. 
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Although S* appears to be a significant source of Lg, it predicts a strong depth dependence 
which has not been observed in Lg from explosions. It could, however, contribute to the relative 
increase in low-frequency Lg, which has been observed in explosion-generated Lg. The 
scattering results shown in Figure 30 – Figure 32 indicate that even in a high-velocity source 
medium where pS should not contribute to Lg, topographic scattering can trap more Lg than is 
produced by S*, at least at high frequency.  
 
4.4.4 Rg scattering Due to Topography 
As with the P-to-S converted phase, the effect of topographic scattering is dominant compared to the 
effect of scattering due to heterogeneity. Therefore, in this section we focus only on comparisons 
between the homogeneous base model of Figure 29 (left), and the same model plus topography. 
 
Attenuation is greater for the model with topography, but the most dramatic effect is on dispersion. 
Figure 34 shows point explosion seismograms at 20 km east of Degelen. At 0.5–1 Hz, the 
waveforms appear unaffected by topography. In the 1-2 Hz and 2-4 Hz records, on the other hand, 
Rg is quite delayed for the model with topography. By 4-6 Hz, the Rg is too attenuated to identify.  
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Radial Vertical

 

Figure 34. Point explosion synthetic seismograms 20 km east of the source, for the models without (black) and with 
(red) topography. Traces in the same filter band are plotted on the same scale. 

 
Figure 35 shows similar observations for records made at 10 km and 30 km. Each pair is plotted 
on the same scale. All records are plotted from 7.5 to 1.67 km/sec group velocity. There is little 
effect below 1 Hz, the greatest difference being in amplitude, with the topographic model 
producing larger Rg. At 1-2 Hz, there are differences in arrival time, decay, and initial amplitude. 
The record for the topographic model is delayed, initially larger, and decays faster. There is also 
more P coda, which is most apparent at 30 km. At 2-4 Hz, there is practically no overlap in time 
between the well-defined Rg of the flat model, and the scattered Rg of the topographic model, 
even at 10 km. At 10 km the topographic model Rg is larger, but at 30 km the Rg has slightly 
smaller maximum amplitude than that of the flat model, although it persists for much longer. At 
4-8 Hz, Rg is not clearly distinguishable from coda in the topographic model. 
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Figure 35. Synthetic seismograms, in various passbands, 10 km (left half) and 30 km (right half) east of the source, 
for the homogeneous model without (upper trace of pairs) and with (lower traces) topography. Both sets of traces 
run from 7.5 to 1.67 km/s. 

 
To examine further what Rg scatters to, we look at cross-sections of the vertical velocity and the 
curl, centered on the Rg phase near the source (Figure 36). This provides insight into the 
potential contribution of topographically scattered Rg to Lg. The cross-sections (Figure 36, left 
half) show a compact Rg phase in the model without topography, while in the model with 
topography the Rg energy has been spread out all along the surface. The downgoing phase in the 
cross-sections at 1 second is P-to-S scattered energy. The curl of the velocities (Figure 36, right 
half), which isolates the shear waves, shows a similar result. At least during the first three 
seconds shown here, the main effect of topography on Rg is to cause strong dispersion of the 
phase rather than scattering into downgoing S. 
 
Our results regarding scattering from Rg to downgoing body waves appear to be inconsistent 
with some previous work and observations. Jih (1994) also used finite-difference calculations 
and found that Rg does scatter to downgoing body waves. There appear to be two important 
differences between the models used. The local topography in our models is the real topography 
at Degelen. The topography of Jih’s model is not explicitly listed, and while the average slope 
appears to be moderate, it looks as if it is locally much steeper than anything in our model. 
Second, Jih used a very low Q near the surface (Jih, pers. comm., 2004), which disrupts the 
modal structure. Near-receiver observations of teleseismic P-to-near-receiver-Rg scattering (e.g. 
Key, 1967; Bannister, et al., 1990; Revenaugh, 1995), through reciprocity, imply near-source 
Rg-to-downgoing-P scattering. Also, observations of secondary arrivals at teleseismic arrays 
have been interpreted as near-source Rg-to-P scattering (McLaughlin and Jih, 1988).  
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Figure 36. Cross-sections of vertical velocity (left) and curl (right) centered on Rg at 1, 2, and 3 seconds for the 
homogeneous base model with a flat free surface (left column in each set of plots) and the same model plus 
topography (right column in each set of plots).  Each pair (same time, different models) is plotted with the same 
color axis. 

 
To further quantify the effect of topography on Rg, we estimate Q as a function of frequency for 
the homogeneous model with a flat free surface, and for the similar model with topography. A 
decrease in Q in the second model can be attributed to topographic scattering. The left side of 
Figure 37 shows frequency vs. the estimated intrinsic Q values. The Q values determined for the 
base model are consistent with those of the original model structure (the frequency dependence is 
caused by the particular implementation of attenuation in the finite difference calculation). 
Attenuation is greater for the model with topography (Figure 37, left side, and Table 5). The 
effect of dispersion is less than the measurement error for the model without topography, but is 
dramatic for the model with topography. There the Rg is slowed at all frequencies, considerably 
at higher frequencies. This 2D analysis predicts that around 3 Hz to 4 Hz, the scattering Q for Rg 
due to the topography at the Degelen test site is approximately 300. Around 1 Hz it is close to 
1000. Preliminary analysis of local Rg records from Degelen explosions indicates a significantly 
lower Q value. We cannot determine the partition between intrinsic Q and scattering Q in the 
observations, but the observations suggest that the scattering calculations probably underestimate 
the attenuation due to scattering. In Section 4.5 of this report, we use a modal approach to 
determine an upper bound on Lg scattered from Rg. 
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Figure 37. Q vs. frequency (left) and group velocity vs. frequency (right) for the homogeneous flat (black) and 
topographic (red) models. The decay of Q with frequency is due to the implementation of the Q model in the 
numerical calculations. 

Table 5.  Theoretical (subscript “model”) and measured attenuation, Q, and group velocity, U, for the models 
without (Qflat and Uflat) and with topography (Qtopo and Utopo). Scattering Q, Qs, is determined by the difference in Q 
between models. 

Passband (Hz) Qmodel Qflat Qtopo Qs Umodel Uflat Utopo 

0.5 - 1.5 502 404 260 730 2.66 2.66 2.49 

1.0 – 2.0 294 274 215 1007 2.72 2.67 2.44 

1.5 - 2.5 219 198 164 956 2.76 2.67 2.36 

2.0 – 3.0 174 163 117 417 2.77 2.72 2.25 

2.5 – 3.5 145 134 92 292 2.77 2.68 2.09 

3.0 – 4.0 124 117 84 294 2.77 2.66 1.99 

3.5 – 4.5 108 101 75 287 2.78 2.65 1.77 

 
 
4.4.5 3D Finite-Difference Calculations  
We performed similar calculations to those described above for a 3D model to address two 
issues, the validity of the 2D scattering calculations and scattering to the tangential components. 
The model size is necessarily small, 30 km long by 14 km wide and 7 km deep. Further, the 
absorbing boundaries require half a km around the edges, and we don’t use data from within a 
km of the edges of the model. The source is 5 km from the left (west) edge of the model, so we 
focus on scattering near the source. Figure 38 shows the seismograms at 20 km for the flat 
(black) and topographic (red) models.  
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Results for the vertical and radial components are, to first order, similar to those of the 2D 
calculations (Figure 35), the most significant results being greater attenuation at higher 
frequencies and significant dispersion. Topographic scattering to the tangentials, which are 
plotted on the same scale as the radials in the same passband, is minor at low frequency. 
Tangential amplitudes at the Rg time are slightly larger than the radial at 4-6 Hz, although both 
are low amplitude. 
 

Time (seconds) Time (seconds) Time (seconds)

Radial Tangential Vertical

Unfiltered

0.5 - 1 Hz

1 - 2 Hz

2 - 4 Hz

4 - 6 Hz

 

Figure 38. 3D finite-difference, point explosion, synthetic seismograms 20 km east of the source, for the models 
without (black) and with (red) topography. Traces in the same filter band are plotted on the same scale.  

 
Figure 39 shows snapshots of all three components of velocity in the radial-vertical plane. As 
with the 2D model, there is significant dispersion, with Rg energy in the topographic model 
distributed along the surface later than that in the flat model. The downgoing surface pS reflected 
phase is disrupted, but not scattered significantly to the tangential. There is, however, 
topographic scattering to the tangential. Energy propagates downward from the Rg position at 
the surface on the tangential component. Preliminary investigation indicates this is a downgoing 
tangential component shear wave. Timing is similar to that of the S* phase on the vertical 
component, but S* is slightly earlier and is also visible in the flat model plots. 
 
This is the most interesting result of thus far from the 3D calculations. The extent of Rg to 
tangential S scattering must be quantified and proposed explanations tested, but we suggest a 
simple preliminary explanation. We can decompose the Rg disturbance of the free surface with 
topography into radial and tangential components. Most of the radial component will simply 
continue as Rg. Love wave modes however require a velocity discontinuity or gradient to exist. 
The surface velocity is high in the Degelen model and the gradient with depth is low, so most of 
the energy scattered to the tangential propagates away from the surface. This modeling result and 
explanation are consistent with the observation that tangential shear waves near the source are 
often earlier and larger than their radial counterparts. 
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Figure 39. Three-component snapshots of absolute value of velocity at 1 through 6 seconds for the topographic 
model (left column of each set), flat free surface model (middle column of each set). The difference is shown in the 
right column of each set (red is more energy in the topographic model, blue is more in the flat model). All velocities 
at each time are plotted on the same scale, and the scale varies as 1/r. Differences between corresponding snapshots 
are plotted on the same scale in the right column and vary as 1/r. 

 
Figure 40 shows three components of velocity at the surface, with the corresponding topography 
shown in the bottom row. At 1 second and later, the images encompass Rg, but not the P or pS 
phases. Scattering to the tangential at 0.25 seconds (left column) appears to follow the ridge 
topography above the source. The wavefronts are very disrupted, and the distribution of energy 
on the tangential is irregular. At five seconds, one can see significant scattered energy in the area 
behind the Rg wavefront. The corresponding flat model image shows the limitations of the 
absorbing boundaries, with faint reflections off of the model edges.  
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Figure 40. Surface velocities from 0.25 to 5 seconds for the topographic model, with corresponding plots for the flat 
model at 1.5 and 5 seconds (right column of both upper and lower set of plots). 

 

4.5 A Modal Method for Calculating an Upper Bound on Rg-To-Lg Scattering 

To make a seismogram that approximates Lg generated by Rg scattering, we use energy 
conservation and the distribution of energy in each mode, derived from a similar analysis by 
Bennett et al. (1997). Rg is the fundamental mode surface wave generated by the explosion 
source. As discussed earlier, the explosion source can be complex, but can be represented to first 
order as a point explosion source plus a CLVD. For deeply overburied or decoupled explosions, 
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the point source may be a very good approximation, while for shallower sources, the 
nonspherical components are important. We can make an approximate, but fairly realistic, 
calculation of the Lg generated by Rg by considering the Lg to be generated by scatterers at the 
earth’s surface distributed over the region through which Rg propagates, and assuming that all 
Rg converts to Lg. For this estimate, we make the following assumptions:  
 
1) The explosion is a simple point explosion source. The same technique will work for a more 

complex explosion source. 

2) Scattering occurs quickly enough that we can model the scattering duration as 
instantaneous. Under this assumption, we can also neglect intrinsic attenuation of the 
fundamental mode prior to scattering. 

3) No energy is lost in scattering and all scattering is forward scattering.  

4) All scattering is from Rg to higher modes. We neglect secondary scattering and scattering to 
leaky phases. 

5) The scattered energy has the modal distribution of a vertical point force. This is reasonable 
since the strongest Rg scattering occurs at the earth’s surface.  

We, therefore, consider that the scattered Rg consists of waves from a cylindrical distribution of 
point forces at the location of the propagating Rg phase, and that the scattered Rg goes into 
higher modes. These are very optimistic assumptions and should be regarded as providing an 
upper bound on Lg generated by Rg scattering. Forward scattering is a better approximation than 
it may seem, because scattering from a vertical point force in another direction simply adds to 
the outgoing wave in that direction with a small time delay.  
 
Seismograms for Lg generated by the point explosion source and by Rg scattering made under 
the assumptions listed above are shown in Figure 41 (left) for an 80-kiloton explosion at 500 
meters depth in an earth model for NTS. The corresponding spectra are shown in Figure 41 
(right). Figure 42 shows the spectra of the two time windows, 3.6 to 3.0 km/sec and 3.0 to 2.5 
km/sec, as indicated by the vertical lines in Figure 41 (left). The Lg from scattered Rg, at least in 
this optimal case, is comparable to Lg from the point explosion for frequencies of about 0.6 to 1 
Hz, larger for lower frequencies, and smaller for higher frequencies. The Lg produced by 
scattered Rg has stronger excitation of the first higher mode than the Lg generated by the point 
explosion, which causes the higher spectral amplitudes at low frequencies and the late arriving 
higher amplitude waves in the time series. 
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Figure 41. Left: Lg velocity seismograms calculated for a point explosion at 500 meters depth (blue) and for Lg 
generated by Rg scattered from the same explosion (red). Marks at the top show arrival times for 3.6, 3.0 and 2.5 
km/sec. Right: Lg spectra calculated from these two waveforms. The Lg calculated for the point explosion and that 
scattered from Rg have similar amplitudes within the 3.6 to 3.0 km/s group velocity window, but Rg scattering 
contributes more to the late Lg. 

 

 

Figure 42. Spectra derived from the time series of Figure 41 using time windows of 3.6 to 3.0 km/sec (left) and 3.0 
to 2.5 km/sec (right). In the Lg window, spectral amplitudes below 1 Hz are similar, but the spectra of the Rg-to-Lg 
scattered Lg begins to drop off at lower frequency than the spectra of Lg calculated for the point explosion source. 
Spectra of both share the same spectral nulls. 

 
These results suggest that Lg observed from overburied explosions is likely to consist of a 
superposition of Lg generated by the point explosion source and by Rg scattering, that each 
source could dominate in a different frequency band, and that the two sources may interfere with 
each other, particularly near 1 Hz, complicating the use of the Lg waveform in discrimination. 
Explosions that are normally buried or underburied may have additional Lg due to direct 
generation of shear waves by non-spherical components of the source. Those components of the 
source will also generate more Rg. 
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5 CONCLUSIONS AND RECOMMENDATIONS 
 
We have constrained the possible mechanisms behind explosion generated shear waves through a 
combination of data analysis, using data from a wide range of source conditions, and three 
distinct types of modeling. 
 

5.1 Summary of Observations and Their Implications 

5.1.1 Very Near Source Observations  
Clear observations of Sg within hundreds of meters to less than 10 km of the NPE, Degelen, and 
decoupling explosions, at the predicted S time, suggest direct generation of shear waves at the 
explosion source or nearly instantaneous scattering to shear waves. Observations, and so the 
implications regarding generation, hold for both tangential and radial S. For the Degelen and 
decoupling explosions, near-source Sg and Rg are distinct, separate phases, implying the former 
is not simply scattered from the latter. 
 
5.1.2 Local/Near Regional Observations Tangential  
Sg at local distances from the NPE, Degelen, and DSS explosions, becoming Lg at regional 
distances, is often earlier, larger, and more impulsive than its radial counterpart, suggesting that 
the tangential phase is not simply scattered from P-SV. Vertical component Lg is generally the 
smallest, and often below the noise level when the horizontal component Lg signals have very 
high signal-to-noise ratios. That Lg is generally larger on both horizontal components than on the 
verticals suggests that more attention should be paid to those components in future studies of Lg, 
as most work on generation, propagation, discrimination, and yield estimation have used only 
vertical component Lg. 
 
For the Eurasian data, Rg persists up to hundreds of kilometers, and is distinct from the shear 
wave phase. The persistence of Rg in Eurasia indicates that its potential contribution to Lg is 
much less than in western North America.  
 
5.1.3 Sn Observations 
Large, impulsive, and high-frequency Sn is observed from Degelen and DSS explosions. Sharp 
Sn is consistent with generation at or very near the source, and inconsistent with a distributed 
scattering process. Higher Sn frequencies than are expected in Rg from deep, overburied DSS 
explosions suggests an alternate source. 
 

5.2 Modeling Results and Recommendations for Future Modeling 

5.2.1 Source Calculations 

We have shown that vertical and radial component Lg and Sn can be generated by the explosion 
and interaction with the near surface media and can be predicted fairly well with a realistic 
model of the explosion source that includes non-linear effects and the free surface interaction. 
The non-linear source calculations for the NPE and Degelen show that explosions in different 
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media and source regions generate significant Lg, but of different composition due to differences 
in modal structure and the relative excitation caused by explosion and CLVD components.  
We performed 2D, non-linear, Lagrangian, finite-difference calculations for three distinct sets of 
source conditions: 1) overburied in a low velocity medium, 2) underburied in a high velocity 
medium, and 3) overburied in a high velocity medium.  
 
The first calculation, which simulates the NPE, produced a region of yielding and cracking that, 
to first order, has a circular vertical cross-section similar to expectations for a point spherical 
explosion. However, because the source P-wave velocity is less than the upper mantle S-wave 
velocity, the surface pS phase is trapped in the crust. Thus a point explosion source suffices to 
produce observed vertical and radial component Lg.   
 
The second calculation, intended to simulate a typical Degelen explosion underburied in high-
velocity granite, produces a roughly conical area of deformation, which directly generates shear 
waves. This type of source is necessary to produce the observed Lg and Sn energy seen in 
regional recordings of Degelen explosions, which a point explosion fails to do. The source can 
be approximated by the combination of a point explosion and a CLVD source half the size at the 
same or shallower depth.   
 
The third calculation simulates the conditions of the overburied DSS explosions. As with the 
NPE, the deformed area in the 2D calculation is circular, so little S-wave energy is directly 
generated at the source. Further, unlike for the NPE, the source P-wave velocity exceeds the 
upper mantle S-wave velocity so the surface pS phase is not trapped in the crust. With very little 
direct generation of shear waves and no trapping of pS, the synthetics have small Lg or Sn 
compared to the data. We next investigated whether scattering due to topography or 
heterogeneity could alter the pS incidence sufficiently to trap that energy in the crust. 
 
5.2.2  Finite-Difference Calculations  
Using the known 1D velocity structure at Degelen, with different combinations of shallow 
heterogeneities, heterogeneities throughout the crust, and the actual topography around the test 
site, we investigated the effects of scattering on trapping of the surface pS phase and on Rg 
attenuation, dispersion, and conversion to other phases with 2D and 3D finite-difference 
calculations. 
 
Scattering due to topography at Degelen, of both the pS and Rg phases, is overwhelmingly 
greater than scattering due to 5% rms velocity heterogeneities either in the upper 1.5 km or 
throughout the crust. This is not surprising for these two surface scattered phases, given the 
relative size of the velocity jump at the free surface compared to that of lateral heterogeneities. It, 
however, remains to test the effect of crustal heterogeneity in 3D calculation. 
 
The incidence of the surface pS is sufficiently randomized by topographic scattering at the 
conversion that a significant amount is trapped in the crust and contributes to Lg. Future work 
must focus on quantifying this effect.  
 
The greatest effect of topographic scattering on Rg is dispersion, with higher frequencies slowed 
dramatically. Attenuation due to scattering is also increased. The 2D models do not however 
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appear to produce significant scattering from Rg to downgoing body waves. Future work must 
focus on what conditions might produce such waves. 
 
Results of the 3D calculations are generally consistent with those of the 2D calculations, and so 
validate the use of 2D for gaining insight into the P-SV system. The most notable additional 
result obtained by the 3D calculations is the observation of downgoing body waves on the 
tangential component, apparently scattered from Rg. In addition, scattering to the tangential 
component just above the source appears to follow the local ridge topography. Surface and cross-
sectional velocity images show significant disruption of all phases compared with those of the 
flat model. 
 
A set of future finite-difference source calculations should use deeper point explosion sources to 
eliminate the S* phase and so isolate just the scattering effects. Another set of calculations 
should use a CLVD source in the different models as a proxy for the non-spherical source 
effects, to permit estimation of the Lg contribution from direct source generation. Because we 
cannot high-pass filter the snapshots of propagation through the model, due to limited spatial 
sampling, another set of calculations should use a high- frequency, narrowband source, to 
eliminate Rg and permit focus on pS scattering. Finally, further calculations are necessary to 
identify the conditions required for Rg to scatter into downgoing body waves.  
 
5.2.3 Modal Calculations for Rg-to-Lg Scattering 
The modal calculation shows that Lg from Rg can be comparable to Lg from trapped P-S 
converted energy when all Rg is instantaneously scattered to higher modes. Persistence of Rg to 
great distances, and observations of distinct Sg and Rg, argue against Rg as the dominant source 
of Lg for some source regions.  
 
The calculation also provides insight into the expected characteristics of Lg generated by Rg 
scattering. Such Lg is lower frequency and later arriving than Lg due to trapped pS converted 
energy. Within the 3.6 to 3.0 km/s Lg window, Lg from scattered Rg, in the optimal case, is 
comparable to Lg from a point explosion from 0.3 to 1 Hz. By 2 Hz, for a 500 m deep source, it 
is approximately an order of magnitude smaller. Within the Lg coda window, the Lg due to Rg 
scattering is dominant below 0.6 Hz, and roughly comparable up to 1 Hz.  
 
Future work should include investigation of the frequency dependence of source depth on Rg-to-
Lg scattered energy, comparison with a CLVD source as well as with the Lg due to trapped pS 
energy, and simulation and comparison of results with data from different source areas. Using 
observed attenuation rates from different areas, we will be able to refine our estimates of Rg-to-
Lg upper bounds for specific source regions and source conditions.
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