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ABSTRACT

Recent examinations of the characteristics of coda-derived Sn and Lg spectra for yield estimation have shown that
the spectral peak of the Nevada Test Site (NTS) explosion spectra is depth-of-burial dependent, and that this peak is
shifted to higher frequencies for Lop Nor explosions at the same depths. To confidently use coda-based yield
formulas, we need to understand and predict coda spectral shape variations with depth, source media, velocity
structure, topography, and geological heterogeneity. Thus, we have undertaken a coda modeling study to predict Sn
and Lg coda.

During the initial stages of this research, we have acquired and parameterized deterministic 6° x 6° velocity and
attenuation models for the Nevada, Shagan, Degelen, Novaya Zemlya, and Lop Nor Test Sites. Near-source data are
used to constrain density and attenuation profiles for the upper five km at several test sites. The upper crust velocity
profiles are quilted into a background velocity profile at depths greater than five km. Topography from digital
elevation models will eventually be incorporated into the model development. The models are parameterized for use
in a modified version of the Generalized Fourier Method in two and three dimensions (GFM2D/3D). The new GFM
algorithm will soon include a coordinate transform that allows for variable gridding in the upper few kilometers of
the model and simulation of the topography at finer scales. The smaller grid size in the upper crust allows for an
increase in the accuracy of the Sn and Lg synthetics.

We are modifying these models to include stochastic heterogeneities of varying correlation lengths within the crust
and upper mantle. Two parameters—correlation length and fractional velocity perturbation of the
heterogeneities—are used to construct different realizations of random media. Multiple runs with different
realizations of stochastic velocity are needed to calculate average amplitude envelopes of the seismic traces for
every set of the stochastic parameters. We will calibrate these parameters by matching synthetic earthquake Sn and
Lg coda envelopes to local earthquakes with well-defined moments and mechanisms.

Once the deterministic and stochastic models have been generated, we will use GFM2D/3D to generate regional-
distance synthetics for monopole explosions at depths ranging from 0.25 to 1 km for all test site models. We will
then superimpose secondary source effects, such as spall and compensated linear-vector dipole (CLVD) sources, on
the monopole synthetics. Finally, we will derive Sn and Lg coda spectra from the synthetics, estimate moments and
yields from these spectra, and compare to observed data from each test site. If successful, this method may be used
to estimate the Sn and Lg coda properties for yield estimation of explosions at historical test sites or for broad,
uncalibrated regions where we will likely have little information on velocity structure.
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OBJECTIVE

Our objective is to determine why the current mechanisms for Sn and Lg generation from explosions often produce
stable coda magnitudes that are transportable between test sites. We aim to understand and predict Lg and Sn coda
spectral shapes with variations in source depth, material properties, velocity structure, topography, and geological
heterogeneity. We will use 2-D and 3-D modeling techniques to estimate synthetic explosion coda for five nuclear
test sites as well as for regions without nuclear testing history.

RESEARCH ACCOMPLISHED

For sparse local and regional seismic networks and small events (< ~1 kt), one of the most stable and unbiased
methods for yield and magnitude estimation is based on Sh and Lg coda envelopes (Mayeda, 1993). Coda-derived
spectra have characteristics that require in-depth investigation so that any possible bias can be accounted for when
lower bounds on yields are reported by U. S. monitoring agencies. For example, the peaks of coda-derived Nevada
Test Site (NTS) and Lop Nor explosion spectra are depth-of-burial dependent; however, the peaks are shifted to
higher frequencies at Lop Nor.

We are in the first phase of a research program in which we plan to compare observed local and regional Sn and Lg
coda spectra to coda-derived source spectra for simulated explosions at the Nevada (NTS), Shagan (STS), Degelen
(DTS), Novaya Zemlya (NZ), and Lop Nor (LN) test sites. We aim to develop a physical understanding of these
data. We are currently developing a methodology consisting of 1) compilation and parameterization of deterministic
material models for each test site; 2) addition of stochastic perturbations of variable correlation lengths to the
deterministic model parameters; 3) calibration of stochastic variations at each test site using nearby earthquake data,
and 4) calculation of 2-D/3-D synthetics for composite source models of varying depths and moments for each test
site. Synthetic waveforms are created using a Generalized Fourier Method (GFM; Orrey et al., 2002). An illustration
of our progress in developing this methodology is presented below with preliminary results for a simulated
explosion at the Shagan Test Site.

1) Development of Velocity Models

Deterministic models. We are compiling deterministic velocity and attenuation models for the upper crust at five
test sites (Table 1). Near-source data is used to constrain the P, S, density, and attenuation profiles for the upper 5
km at each test site. These upper crustal velocity profiles are “quilted” into a background velocity profile for each
test site at depths greater than five km. We combine several background velocity models including the global 1'x1°
models of Stevens and Adams (1999), the CRUST2.0 models of Bassin et al. (2000) and regionalized models (such
as the regionalized background model for eastern Kazakhstan, Priestley et al., 1998). Each velocity model is
parameterized for use in GFM2D/3D with a grid spacing of either 0.25 or 0.5 km.

Table 1. References for deterministic velocity and attenuation models for the upper crust at several test sites.
Center coordinates of each test site are also listed.

Test Site Abbreviation References

Nevada Test Site (Pahute and NTS McLaughlin et al. (1983); Stump and Johnson
Yucca) (1984); Ferguson et al. (1994); Stevens et al.,
37.148 N, 116.215 W (1991); Mankinen et al. (2003); Benz et al., (1991)
Semipalatinsk (Shagan) STS Bonner et al. (2001); Kazakh NNC Report (1996);
49.940 N, 78.862 E Davis and Berlin (1992); Priestley et al. (1988)
Semipalatinsk (Degelen) DTS Priestley et al. (1988); Belyashova et al. (2001)
49.940 N, 78.048 E

Lop Nor LN Kosarev et al., (1993); Burchin et al. (2001); Fisk,
41.669 N, 88.703 E (2002); Waldhauser and Richards (2004).

Novaya Zemlya NZ Kremenetskaya et al. (2001); Bowers (2002);
73.335N,54.716 E Bungum et al. (2004)
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Examples of 1D profiles of P and S velocity models of the five test sites are shown in Figure 1. The background
velocity structure and the velocities in the upper crust are based on information provided by the references in Table
1. For example, the background velocity structure for the STS (left upper plot, dotted line) is based on a regional
model for eastern Kazakhstan developed by Priestley et al. (1988). The velocities in the upper crust are based on
borehole data (National Nuclear Center Nuclear Report) and Rg inversions (Bonner et al., 2001). The right upper
plot shows a velocity profile at Pahute Mesa, at NTS. Examples of 1D profiles of P and S velocity models at the NZ
and LN test sites are shown the lower plots of Figure 1. All models extend to 50 km in the horizontal direction and
to at least 200 km in the vertical direction.
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Figure 1. Examples of preliminary deterministic models for the Semipalatinsk (Shagan and Degelen) Test
Sites (upper left plot), Nevada (upper right plot), Novaya Zemlya (lower left plot), and Lop Nor
(lower right plot) test sites.

Stochastic models. The deterministic models are perturbed by adding random heterogeneities with predefined
stochastic properties, obtained using the method of Frankel and Clayton (1986). A random number generator is used
to create velocity perturbations at each point in the 2D or 3D deterministic velocity model. The random velocity
perturbation field is then Fourier transformed to wave number space, filtered to achieve the desired spectrum (e.g.,
correlation distances), and transformed back to the velocity field. The perturbations are subsequently scaled to the
desired amplitude and added to the 2D or 3D deterministic velocity field.

Three types of filters are commonly used to describe real geologic media: exponential, Gaussian, and von Karman
(Table 2 and Figure 2). Velocity variations are well described by the von Karman self-similar autocovariance
function (Frankel and Clayton, 1986; Levander and Hollinger, 1992; Pullammanappeallil et al., 1997); therefore, we
have chosen this function to describe our initial stochastic models.
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Gaussian: Ax=5 Az =5 Exponential: Ax=5 Az =5

Figure 2. Random perturbation field examples obtained by using the filters listed in Table 2 on a 256 x 256
pixel block. The perturbations are scaled to the desired amplitude and added to the deterministic
velocity field.

Table 2. Filters applied to the random perturbation field, where a is a characteristic correlation length of the
medium and v is the Hurst number, related to the fractal dimension of the medium.

Filter Spatial covariance function C
Gaussian C,=cxp( —r’/2a?)
Exponential C,=exp( —r/a)
von Karman C,=r"K, (r)

To address the nonuniqueness inherent in our method, correlation functions for scattering at each test site are
restricted to be within the bounds of the results from literature searches and satellite imagery correlation-length
analyses. Nearby earthquakes with well-defined focal mechanisms can also be used, where available, to provide us
with bounds on the scattering in our model.

Figure 3 is an example of this methodology applied to the Shagan velocity model shown in Figure 1, left upper plot.
The correlation length for this model was chosen to be 1.5 km with 10% velocity variations.

2) Methodology illustration for an explosion at the Shagan Test Site

We superpose a 0.5 km deep explosion with a smaller Compensated Linear Vector Dipole (CLVD) source at a depth
of 0.2 km, and present the results at a distance of 310 km. Figure 4 provides a comparison of the composite source
synthetics (CLVD-+Explosion Monopole) calculated using a model with and without random velocity variations
(Figure 3). In the upper plot, we note that there are large high-frequency surface waves (> 2 Hz) that are typically
not observed in regional data from explosions at the Shagan Test Site. The Q value used in the upper crust was less
than 100; however, it did not decrease the amplitudes of these surface waves. But, adding the crustal heterogeneity
(lower plot) does remove these surface waves by forward- and back- scattering the energy into the Lg coda. The
synthetic seismogram in the lower plot of Figure 4 shows that coda resembling regional recordings can be generated
using our methodology.
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Figure 3. Example of combined deterministic and stochastic P- and S-wave models for the Shagan Test Site in
Kazkahstan. The background velocity structure is shown in Figure 1, left upper plot, dotted line.
Stochastic variations with correlation lengths of 1.5 km and 10% velocity perturbations were added
using the methods of Frankel and Clayton (1986).
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Figure 4. A comparison of synthetics for a composite explosion plus CLVD source in a Shagan test site
velocity model without (upper) and with (lower) stochastic variations. In the lower plot, the Lg coda
behaves very similarly to regional recordings of explosions at the Shagan Test Site.

Coda processing is performed using the coda software described in detail in Mayeda et al. (2003). An example of
this processing as applied to the synthetic waveforms shown in Figure 4 is provided in Figure 5. While we show
only the first 200 seconds of the synthetics in Figure 4, the analysis in Figure 5 is for 800 seconds of data. For the
velocity model with no stochastic heterogeneities, we do not see appropriate coda behavior in the processing. The
peaks associated with the Lg and Rg arrivals are observed, and then the amplitudes rapidly approach pre-event
noise levels by 200 seconds after event origin. For the synthetics with stochastic heterogeneities, we observe
appropriate coda behavior, as the amplitudes do not approach the background noise levels until 500 seconds after
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the event origin. The coda behavior in different frequency bands is very similar to the lower-frequency type coda
amplitude curves proposed for the Shagan test site by Phillips et al. (2004).
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Figure 5. Examples of coda processing on synthetic seismograms without (left) and with (right) random
velocity heterogeneities in the model. The coda amplitudes on the right are very similar to the type
coda amplitude curves proposed for the Shagan Test Site by Phillips et al. (2004).

The next stage of modeling development will be the addition of topography. GFM2-D/3-D is undergoing
modifications to include topography. We will use digital elevation models for all test sites in order to simulate Rg
scattering from topography, which has been shown to be a primary constituent of explosion-generated shear waves.
This scattering will contribute to the coda signatures for our synthetics. We will then systematically modify the
random velocity heterogeneities to improve the match between the observed and synthetic data. 3D strip models will
also be developed to examine scattering efficiency of 2-D media in comparison to 3-D simulations.

CONCLUSIONS AND RECOMMENDATIONS

In this paper we present preliminary results from a study which aims to develop a methodology for modeling Sn and
Lg coda-derived source spectra for simulated explosions at the Nevada, Shagan, Degelen, Novaya Zemlya and Lop
Nor test sites. Using synthetic seismograms at the Shagan Test Site we show that coda resembling regional
recordings of explosions at the Shagan Test Site can be generated using a combination of deterministic and
stochastic models.

In the future we will use GFM to propagate synthetics from compound explosion and CLVD sources to epicentral
distances of up to 600 km in both 2D and 3D models. These waveforms will be used to generate coda-derived Lg
and Sn spectra in order to estimate the magnitudes and yields for the synthetic events. We will compare the spectral
peaks from different depths of burial and examine any similarities to observations. We will quantify possible biases
in the yields between test sites and relate them to the choice of, or combination of, Sn and Lg mechanisms. Finally,
we will use our techniques to estimate the Sn and Lg coda spectra for explosions in uncalibrated regions. We will
use available earthquake data, digital elevation models, and satellite imagery to determine the properties of the
stochastic models, so that explosion-generated coda spectra for uncalibrated regions can be estimated.
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