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ABSTRACT 
 
We propose a parametric model of the nuclear explosion far-field seismic source spectrum for the regional phases 
Pn, Pg, and Lg that is a generalized version of the Brune spectrum, 
 

 S( f ) = S0 1+ f 2 / fc
2( )!

 
 
a three-parameter model that describes the long-period level S0, corner-frequency fc, and spectral slope ψ at 
frequencies greater than fc. The relationships for S0 and fc of the Pn and Pg spectra are derived from the Denny & 
Johnson (1991) empirical relations, which account for emplacement material strength. The Pn spectra are modified 
by the ratio of body-wave speeds and cubed ratio of body-wave speeds in order to obtain fc and S0, respectively, for 
the Lg spectral model. Explosions in competent media are fit well by a spectrum with ψ equal to two, a behavior 
similar to earthquakes, but explosion spectra in weak material are fit better if ψ is allowed to increase with gas 
porosity (GP), so that ψ = 2×101.2GP, where GP is in volume fraction. The success of the regional P/S high-frequency 
spectral ratio discriminant is due to the difference between the observed 1-to-1 ratio of P-to-S corner frequencies for 
earthquakes and the lower S than P corner frequency for explosions. The model presented here predicts even greater 
performance of the discriminant for explosions in weak material where the high-frequency spectral slope of the 
explosions is increased relative to both that of explosions in competent material and the similar slope in earthquakes. 
 
This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National 
Laboratory under Contract DE-AC52-07NA2734. 



  

OBJECTIVES 
 
We develop a empirical explosion parametric far-field source spectral model, based on all available digital data 
recorded for explosions at the Nevada Test Site (NTS). The model describes nuclear explosion P- and S-wave 
source spectra for a variety of geologic and containment conditions. This approach follows the simple earthquake 
parametric spectral model based on Brune (1970), which is used for the MDAC (Magnitude and Distance Amplitude 
Correction) approach (Walter and Taylor, 2001) to improve earthquake/explosion discrimination. In regions without 
prior explosions, this parametric model could be combined with earthquake-derived path corrections to predict 
explosion regional phase amplitudes, improve discriminants such as P/S ratios, and support identification procedures 
(e.g., Event Classification Matrix) that explicitly need to use explosion discriminant probability density functions. 
 
Depth and near-source material properties can affect seismic estimates of explosion yield, and prior work at the NTS 
has found that explosions in weak materials have lower corner frequencies and steeper spectral fall-offs for P-waves 
than is predicted by the standard Mueller and Murphy (1971, hereafter referred to as MM71) model. As part of this 
research, we hope to quantify these effects as a function of frequency and wave type. Additionally, many of the most 
effective regional discriminants (high-frequency P/S ratios) make use of S-waves, as do S-wave coda yield 
estimation techniques, yet there remain many questions about how to predict explosion S-wave amplitudes. The 
development of a combined P- and S-wave spectral model consistent with observed regional P-and S-wave data is 
an objective of this work. 
 
RESEARCH ACCOMPLISHED 
 
Introduction 
 
In previous work that looked at low to high frequency ratios of regional phase (e.g., Pn, Pg, Lg) amplitudes to 
separate explosions from earthquakes at NTS, Walter et al. (1995) noted that the results showed a strong dependence 
on the source media properties. Nuclear tests in weak and/or high gas porosity media tended to have higher values 
and discriminate better from earthquakes than explosions in stronger and/or lower gas porosity media. These 
observations required an explosion spectral model where not only are the long-period level and corner-frequency 
dependent on source media as described in Denny and Johnson (1991, hereafter referred to as DJ91), but also the 
roll-off at high-frequency required some dependency on medium strength as suggested by Denny and Goodman 
(1990). 
 
Data and Methods 
 
We employ the NTS explosion dataset of Walter et al. (2004), specifically the raw spectra of that dataset. 
Waveforms are de-meaned, de-trended and instrument corrected to acceleration. The signal is windowed with a 5% 
cosine taper that starts before the pick, where the time before the pick is 5% of the total time window. The Fourier 
transform is calculated and displacement spectra are obtained via double integration in the frequency domain. 
Finally, the resultant amplitude spectra are interpolated and smoothed to obtain a sampling period of 0.05 log10 Hz. 
Examples of regional phase spectra are given in Figure 1. 
 
Spectra of each seismic phase for each explosion are calculated from the recordings of stations of the Livermore 
NTS Network, ELK (Elko, NV), KNB (Kanab, UT), LAC (Landers, CA), and MNV (Mina, NV). These spectra are 
then corrected for geometrical spreading and regional, frequency-dependent attenuation of the form Q = Q0f γ, where 
Q0 is Q at 1 Hz and γ is the power-law dependence on frequency, f. The attenuation and spreading model parameters 
for each seismic phase are given in Table 1. 
 
Table 1. NTS regional attenuation and geometric spreading parameters. 
 

Phase η r0 (km) Q0 γ 
Pn 1.1 0.001 210 0.65 
Pg 0.5 100 190 0.45 
Lg 0.5 100 200 0.54 

 



  

 

 
 
Figure 1. Raw spectral amplitudes of a low-GP (BULLION) and a high-GP (MONTEREY) explosion at NTS. 



  

 
 
Figure 2. Comparison of measured long-period spectral levels (S0) for regional phases at NTS. The range of 
Lg/Pn ratios is consistent with the cubed ratio of wavespeeds. 
 
 
We require three of the four stations listed above to have recorded an event with a signal-to-noise ratio greater than 
two. We also inspect each spectra for non-stationary noise at high-frequency (typically >9 Hz) due to multi-band 
recording problems and restrict spectral fitting to bands unaffected by problems. The spectra are jointly fit with a 
simple parametric form given by 
 

 S( f ) = S0 1+ f 2 / fc
2( )! ,  (1) 

in a nonlinear least-squares inversion that also provides standard error for each parameter estimate. Equation (1) 
describes the simplest behavior expected for seismic spectra. It has a constant level at low frequencies (S0), which is 
proportional to static displacement, and falls off at high frequencies with a slope of ψ beyond a corner frequency fc. 
This parametric model exhibits a trade-off between increased fc and ψ, so we fixed fc with the value given by the 
DJ91 relations, which was only a slight improvement in fit over the value provided by the MM71 relations. As 
shown in Figure 1, the Lg corner frequency fc

Lg is reduced relative to Pn. Fisk (2007) analyzed NTS regional spectra 
with low GP and found that the ratio of P-to-S corner frequency is approximately equal to the ratio of P-to-S 
wavespeeds (α/β). When fitting Lg spectra with equation (1) we fix fc using the DJ91-predicted fc divided by α/β. 
 
Results 
 
The long-period level of the Lg explosion spectrum is on average greater than Pn. For earthquakes the ratio of these 
long-period levels is approximately equal to the ratio of S-to-P radiation multiplied by the cubed ratio of 
wavespeeds, or S0

Lg/S0
Pn = (RS/RP)(α/β)3, where RS/RP is the S-to-P radiation ratio. The ratio of the long-period levels 

calculated for the explosions is given in Figure 2 and are on average the cubed ratios of typical wavespeeds at NTS, 
so that S0

Lg is equal to the DJ91-defined S0
Pn multiplied by the cubed ratio of P-to-S wavespeed of the emplacement 

medium, S0
Lg = (α/β)3 S0

Pn. In other words, the long-period S-to-P ratio is the same as earthquakes except that for 
explosions we assume the S radiation is equal to the P radiation. For earthquakes the ratio of the azimuthally average 
S/P radiation pattern is about 1.36 (0.60/0.44). 
 
As hinted at by the raw spectra in Figure 1, we hypothesize that there is a correlation between gas porosity (GP, in 
volume fraction) and spectral fall-off ψ. We fit a model of the form ψ = 2×10kGP to the data given in Figure 3 where 
the best-fit k = 1.2. At low GP this model approximates the behavior of Brune earthquake spectrum where ψ = 2, but 
ψ increases with increasing GP. 



  

 
 
Figure 3. High-frequency spectral roll-off (ψ) versus medium gas porosity (GP). The function used to 
approximate the GP-dependence is given by the gray line. 



  

 
 

 
Figure 4. a) Pn and Lg spectral models for an earthquake (green), explosion (red), and an explosion in weak 
emplacement material (high GP, orange). The earthquake model is the classic Aki-Brune spectrum with 
frequency squared high-frequency fall-off and long-period difference between the S and P sources equal to 
the ratio of the radiation pattern coefficient multiplied by the Vp/Vs ratio cubed. The corner frequencies are 
identical as supported by observation and not a theoretically-predicted Vp/Vs ratio. The explosion model is 
the classic Aki-Brune earthquake model where the ratio in radiation pattern coefficients is one. The long-
period level and corner-frequency are from the Denny & Johnson empirical model. The model for an 
explosion in weak emplacement material is the same as the explosion model with the addition of increased 
high-frequency roll-off proportional to GP. A decrease in the long-period level and increase in the corner-
frequency are predicted by the Denny & Johnson relations as the material properties change with increased 
GP. b) Spectral ratios of Pn/Lg for the three models presented in a). 
 
 
Discussion 
 
The parametric spectral model is shown in Figure 4a where all the parameters in equation (1) are described. The 
earthquake model is described more fully in Walter and Taylor (2001) and Taylor et al. (2002), but we note that 
counter to some theories that predict earthquake corner frequencies should be proportional to the ratio of P/S 
velocity, the observed ratio of P-to-S corner frequencies is approximately one. The ratio should vary between one 
and the ratio of the wave velocities depending upon the rupture time compared to the total source dimension. A  



  

 
 
Figure 5. Model fit (dashed line) to corrected spectra (solid line) from Figure 1 where the median amplitude 
of all stations is plotted. The Pn and Pg models are the same and are given by the red dashed line. 
 
 
value of one is consistent with rupture times that are short compared to overall fault dimension (Walter and Brune, 
1993). The long-period level and corner frequency of the explosion P-wave model are given by DJ91. The explosion 
Lg model starts with  the reduction in corner frequency equal to the wavespeed ratio and an increase in amplitude 
similar to the earthquake model, but where the P-to-S radiation ratio is one. This relationship would argue that 
explosion-generated Lg energy is created near the source and scales with the P energy (e.g. Fisk, 2006). DJ91 
incorporate GP into their models, so the long-period level is already given and is approximately equal to the 
explosion model in competent material (GP = 0) decreased by a factor of ~3×GP (given in volume fraction). The 
corner frequency is approximately the same, but the spectral fall-off is now also a function of GP (ψ = 2×101.2GP). 
The ratio of the P-to-S long-period level ratio does not change with GP and is the same as for an explosion in 
competent material. 
 
Figure 4b shows the Pn (or Pg) to Lg spectral ratio for the earthquake, explosion, and explosion in weak material 
(high GP) models. The decrease in explosion Lg corner frequency relative to an earthquake is responsible for the 
success of high-frequency P-to-S spectral discriminants. There is some discriminatory power at low-frequencies, but 
this is only equal to the ratio of the earthquake S-to-P radiation, which on average is small. The models are 
compared with corrected spectra in Figure 5, where fairly good agreement is obtained. 



  

 
 
Figure 6. Regional P/S spectral ratios from Walter et al. (1995) and model fits. 
 
 
We revisit the phase and spectral ratios given in Walter et al. (1995) where the effect of GP on ratios was quantified 
via low-strength, high-GP populations. In order to compare with the ratio versus magnitude observations given in 
Walter et al. (1995) we convert the magnitude to corner frequency from the relations given in Al-Eqabi et al. (2001).  
Figure 6 shows the model comparison to the spectral ratios and Figure 7 shows the comparison to the phase ratios. 
The models presented here are successful at explaining the difference between explosion and earthquake ratios, and 
the difference in high- and low-GP Lg phase ratios. However, the models predict a larger difference between high- 
and low-GP spectral ratios (Figure 8) than is present in the observations. 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
Our preliminary analysis of regional phase spectra of NTS explosions shows that a simple spectral model with 
variable fall-off dependent on GP is appropriate and can be used to predict spectral and phase ratios. 



  

 
 
Figure 7. Regional low-/high-frequency phase ratios from Walter et al. (1995) and model fits. 
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