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Source Characterization of Nevada Test Site Explosions and Western U.S.

Earthquakes using Lg Waves: Implications for Regional Source

Discrimination

by Ghassan 1. Al-Eqabi, Keith D. Koper,* and Michael E. Wysession

Abstract An investigation is made of the Lg waves from 15 nuclear tests at the
Nevada Test Site (NTS) and 25 shallow western United States earthquakes to obtain
a scheme for discriminating between possible source mechanisms. The data were
recorded at four broadband stations, operated by Lawrence Livermore National Lab-
oratory (LLNL), which encircle the NTS. The Lg wave spectra are modeled through
a genetic algorithm search to find optimal values for (1) the seismic moment (M),
(2) the corner frequency of the amplitude spectrum (f.), (3) the 1-Hz attenuation
quality factors (Q,) for all of the paths, and (4) the frequency dependence (1) of
attenuation along the paths. Because the inversion solves for the path attenuation
characteristics, little a priori information is needed for the analysis. The resulting M,
and f. values are used in conjunction with the m, values as seismic discriminants.
The populations of earthquakes and explosions have nearly identical relationships
between their moments and corner frequencies. For earthquakes, the relationship is
log M, = 16.07 — 2.93 log f.. For the set of NTS explosions (using an earthquake
source model), the relationship is log M, = 15.87 — 2.76 log f.. A source discrim-
inant is found, however, through a comparison of the moments and 1, values. This
gives a line, log M, = 10.20 + 1.16m,, which cleanly separates the earthquake and
explosion populations, with earthquakes falling above and explosions below the line.
Reliability tests examine the inverse trade-off between moments and Q, values. Noise

in the Lg spectra has a limited effect on the scaling relations.

Introduction

There is current interest in being able to identify small-
yield nuclear tests. This creates a significant seismological
challenge because of the large number of small earthquakes
that occur daily. A large amount of broadband and short-
period array digital seismic data, collected by the Interna-
tional Monitoring System (IMS) of the Comprehensive Nu-
clear Test Ban Treaty (CTBT), needs to be examined in near
real-time. Fortunately, the source spectra of explosions and
earthquakes have enough differences that they may make
such distinctions possible. This article quantifies the differ-
ences manifested in one particular phase, the Lg wave, with
the aim of establishing a fast and accurate seismic source
discriminant.

The differences between the earthquake and explosion
Lg waveforms are largely due to the differences in the char-
acteristics of their source-time function and spatial source
dimensions (Woods and Helmberger, 1997). Explosions are

*Present address: Department of Geosciences, University of Arizona,
Tuscon, Arizona.

140

compact impulsive sources, and compared to earthquakes
with a similar release of low-frequency energy, generate
greater amounts of high-frequency energy (Walter et al.,
1995). In addition, while Lg energy is primarily from direct
shear waves, the Lg energy from explosions is formed by P-
SV mode conversions and scattering. Therefore, for a given
source moment and focal depth, it is anticipated that earth-
quakes will generate larger Lg amplitudes than explosions
(Sereno et al., 1988). One way that this is evident is in the
relationship between the seismic moment, M, and the body
wave magnitude, m,. Because the m;, magnitude is obtained
from short-period waves, it differs less between earthquakes
and explosions than the moment does. The Lg waves provide
a convenient means of obtaining the moment, and combined
with an m,, value obtained from first arrivals, they can pro-
vide a source discriminant.

Because the estimates of both M and f are affected by
the regional path attenuation, Q,,, it is necessary to account
for the attenuation in analyses of Lg spectra. We demonstrate
a method of simultaneously extracting estimates of M, f.,
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0, (Q,, obtained at a frequency of 1 Hz) and n (the fre-
quency dependence of Q). These values are found through
a standard parameterization of the Lg spectra and a genetic
algorithm optimization to obtain the parameters. Little a
priori information such as regional velocity and Q structures
is needed, allowing for near real-time applications.

The Lg wave is the most prominent phase in short-
period and broadband regional seismograms. As has long
been observed, the phase is robust and stable in its trans-
mission through continental crust (Press and Ewing, 1952;
Ewing et al., 1957). Lg can be thought of both as a super-
position of multiply reflected shear waves entirely confined
within the crust (Bouchon, 1982; Kennett, 1986), or as a
summation of higher-mode surface waves that travel with
an average group velocity of 3.5 km/sec (Knopoff er al,
1973; Herrmann and Kijko, 1983; Wang and Herrmann,
1988; Zhang and Lay, 1995). The stability of the Lg wave
amplitudes makes them a good measure of both the magni-
tude of the seismic source and the anelastic crustal structure
along the wave path (Street et al., 1975; Dwyer et al., 1983;
Shin and Herrmann, 1987). Fortunately, the source size and
path attenuation can be simultaneously extracted from the
Lg amplitudes (Nuttli, 1973, 1986; Sereno et al., 1988; Xie,
1993). Many aspects of the Lg wave have been studied, in-
cluding its generation, the formation of its coda of scattered
energy, its propagation, and its use as a regional discriminant
of seismic source types (Aki, 1969, 1980; Herrmann, 1980;
Bouchon, 1982; Singh and Herrmann, 1983; Raoof and Nut-
tli, 1985; Kennett, 1986; Campillo, 1987; Campillo, 1990;
Bennett and Murphy, 1986; Taylor et al., 1988; Jin and Aki,
1988; Nuttli, 1988; Xie and Nuttli, 1988; Xie and Mitchell,
1990a, b; Ou and Herrmann, 1990; Mitchell, 1995; Zhang
and Lay, 1995; Walter ez al., 1995; Patton and Taylor, 1995).

For this study we examine 15 nuclear explosions from
the Nevada Test Site (NTS) and 25 western United States
(WUS) earthquakes, all recorded at four stations operated by
the Lawrence Livermore National Laboratory (LLNL) (Table
1). We model the events to find the best-fitting values of M
and f., and then examine the relationships between M,, f,
and the body-wave magnitude (m,) for use as a seismic
source discriminant.

Spectral Representation of Lg Waves

Following the parameterization of Street et al. (1975),
we define the Lg amplitude spectrum for the ith seismogram
as

A;(f, A) = S(HG(A) exp [
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where f is frequency, A; is the distance (in km) to the station,
S(f) is the source function, G(A,) is the geometrical spread-
ing term, T, is the travel time, and Q; (f) is the Lg path atten-
uation.

Table 1
LLNL Station Locations

Station Latitude (N) Longitude (E)

MNV 38.432 —118.154
KNB 37.016 —112.822
LAC 34.390 —116.411
ELK 40.744 —115.240

The geometrical spreading term, G(A)), is expressed as
(A,A) 1%, where A, is an arbitrary reference distance that
is chosen here to be 100 km (Street et al., 1975). This makes
G(A) = 0.1A;7 "2 km~ 2. The attenuation Q; (f) is ex-
pressed as a function of frequency by

0:(f) = Quf" 2

where Q, is the attenuation at 1 Hz, and n expresses the
frequency dependence. While Q is often assumed to be es-
sentially constant at longer periods, this is not the case at the
high frequencies that comprise Lg, and 7 is therefore a non-
zero positive number. Both Q, and n are free parameters in
our inversion.

The source function, S(f), contains the other two free
parameters, M, and f.. We used the Sereno et al. (1988)
formulation of a Mueller and Murphy (1971) explosive
source model to define the explosive source term as

M 2 —12
S(f)=m[l + (1 —ZB)Jf[—2+sz;] , (3

where B estimates the overshoot effect and is formulated by
Mueller and Murphy (1971) as o*/4B?, where o and B are
the average compressional and shear wave velocities, and p
is the average rock density in the source region. The earth-
quake source term, appropriate for a double couple, is also
from Meuller and Murphy (1971) via Sereno et al. (1988),
but with the overshoot, B, set equal to zero. This is given as

M, fT‘
S(f) = —47rp/)’3 [1 + f_§ . 4)

At low frequencies both sources approach S(f) = M,/
(4mpB?) but they behave differently when frequencies ap-
proach and exceed the corner frequency, f.. Since the corner
frequency is related to the rupture duration (Savage, 1972),
we expect lower values of f,. for larger events, which tend
to have longer source durations. For both the explosion and
earthquake sources, the amplitudes fall off as f~2 at fre-
quencies higher than the single corner frequency. The theo-
retical Lg spectral model, as represented by equations (1)—
(4), has the advantage of being a function of a limited
number of parameters (M,, f., Q,, N), which can be simul-
taneously solved for by a genetic algorithm.

For our inversion, we use p = 2.7 gm/cm®, and B =
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3.5 km/sec. The overshoot value is set at 0.75, which is the
same value used by Xie (1993). As in Xie (1993), we also
assume that site effects are minimal on Lg, and that the Lg
wave radiation patterns vary only modestly with azimuthal
variation (Alexander, 1985).

Inversion of Lg Spectra

Since our goal is to provide a general, near real-time
estimate of source properties based on the spectra of Lg
waves, we wish to rely upon as little a priori information as
possible. By using a global search method, in this case, a
genetic algorithm (GA), we can easily include the attenuation
structure as an unknown, avoiding the need of a preexisting
regional Q model. Use of a genetic algorithm also avoids
the requirement of linearizing an inherently nonlinear prob-
lem. The forward calculation of Lg spectra depends upon a
small number of parameters and is computationally fast, so
the inverse problem is well-suited for a global search
method.

Genetic algorithms search a bounded model space using
operators based upon evolutionary principles, gradually im-
proving an initially random population of candidate models
(Goldberg, 1989; Stoffa and Sen, 1991). Versions of this GA
have been previously used in applications of waveform mod-
eling for focal mechanism determination (Koper et al.,
1999), surface wave inversion for lithospheric structure (Al-
eqabi et al., 1997), and determining a radial core structure
using PKP arrival times (Wysession and Koper, 1996). Fur-
ther details of this GA can be found in Koper (1998). The
improvement of the models is quantified by evaluating an
objective function, which assigns a scalar value (o), gener-
ally referred to as the cost, to each vector of model param-
eters. The models consist of the values of M, and f.. for each
source, as well as Q, and n for each source-receiver path.
As a result, the number of parameters varies within 4-10,
based upon the number of stations reporting data for a given
event (1-4). The bounds for these parameters are listed in
Table 2. The cost of the models is expressed as the sum of
the differences between the observed and computed ampli-
tude spectra
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where N is the number of station used (1, 2, 3, or 4), A?bs is
the observed data spectrum, A7°"™ is the computed synthetic
spectrum, f,.;, and f,... are the range of frequencies, and A
is the epicentral distance.

For each earthquake and explosion we use a population
of 100 models, expressed as the linear concatenation of the
binary representations of the model parameters. The models
are initially chosen at random from within the parameter
ranges shown in Table 2, but are allowed to evolve during
the optimization. Limiting the possible bounds on the param-
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Table 2
Inversion Parameter Bounds Used in the Inversion
Total Possible
Parameter Minimum Maximum Increment Values
Log (Seismic Moment) 15 19 0.000122 32.768
Corner frequency for Egs. 0.30 1.0 0.0225 32
Corner frequency for Explos. 0.40 14 0.0322 32
Qat1Hz 100.0 350.0  8.0645 32
Frequency dependence 0.1 0.99 0.0287 32

eters is a process similar to the application of damping in a
least-squares inversion: it prevents noise in the data from
being mapped into unrealistic individual parameter values.
These bounds need to be chosen with care, as with the ap-
plication of damping within inversions. For instance, the up-
per limit of 350 for possible Q, values is in keeping with
previous Lg studies of Basin and Range attenuation, which
show values of 300 or less (Singh and Herrmann, 1983; Pe-
seckis and Pomeroy, 1984; Chavez and Priestlay, 1986; Nut-
tli, 1986; Rogers et al., 1987; and Bager and Mitchell, 1998;
Xie and Mitchell, 1990b).

Models are first ranked according to their cost. A pro-
cess of selection occurs by assigning a fitness value to each
model, based upon the cost, that determines the likelihood
of the model’s survival. A Roulette wheel selection is used,
where the models’ fitnesses are used to assign them pieces
of a unit interval: the best model (lowest cost) receives the
largest slot, and the worst model receives the smallest slot.
A new set of 100 models is chosen at random from the ex-
isting models, using the roulette wheel assignments. In gen-
eral, multiple copies of the best models survive, but none for
the worst models. The best model is always kept, to ensure
that an exceptional model is not lost by chance.

The surviving models are then paired off in order of
their original costs and reproduce to create the next gener-
ation of models. Reproduction occurs by swapping the back
halves of the binary strings representing the two models of
a pair. The probability of this cross-over occurring is set at
0.9. When crossover occurs, there is a chance that the off-
spring will be subject to mutation. This is achieved by ran-
domly flipping bits of the model strings with a probability
of 0.025. Once a new generation is attained, the process
begins again, starting with a ranking of the new models ac-
cording to their costs. The process is repeated for 100 iter-
ations (generations), although the population of models usu-
ally converges to optimal values much sooner. Because GAs
are stochastic processes that operate on a finite set of models,
the results of a particular search depend upon the specific
initial population of models, though usually to a very small
degree if the GA parameters are well chosen. In testing the
GA process, the full inversion was run in its entirety multiple
times using different random number seeds, in order to as-
sess the stability of our solutions. In all cases, the final so-
lutions for the multiple runs were nearly identical, signifying
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that we were very close to the actual global minimum in cost
reduction.

Data

The locations of the four LLNL stations used to record
our seismograms are given in Table 1. They surround the
NTS explosions at distances of 199-412 km, and were 190—
1006 km away from the 25 WUS earthquakes analyzed (Fig.
1). The LLNL instruments have a velocity response that is
flat in the range of 0.07-5.0 Hz (Taylor, 1993), which con-
tains the frequencies we use here. The 15 explosions had
magnitudes of 4.4 = my, = 5.7, and the 25 earthquakes had
4.8 = m, = 6.0 (Table 3). The depths of the earthquakes
ranged from O to 21 km.

The Lg waves were taken from the digital vertical com-
ponents and were isolated in a manner similar to Chael
(1987) and Atkinson and Mereu (1992) to obtain stable es-
timates of the Lg spectra. Future availability of three-com-
ponent data would allow this kind of analysis to incorporate
the horizontal components, which may be more appropriate
for the Lg phase. A time window was selected that corre-
sponds to Lg arrivals with group velocities between roughly
2.9 and 3.7 km/sec (the exact upper and lower bounds de-
pended upon the quality of the seismic record). As a result,
the window length increased with the earthquake-station dis-
tance to account for the dispersion of Lg. The length of the
window ranged from 45.3 sec long (for an epicentral dis-
tance of 1011.7 km), to 12.7 sec long (for an epicentral dis-
tance of 195.7 km). This window was then divided into
many smaller segments, each having a 50% overlap with
adjacent segments and 5% cosine tapers at the ends. The
segment lengths, from 4 to 10 sec, varied with event size,
epicentral distance, and sampling rate.

The spectrum of each segment d(f) was computed sep-
arately, and the multiple spectra were then summed accord-
ing to Atkinson and Mereu (1992), represented by

n T 1/2
A(f) = [2 d(f) —} , (6)
i=1 nt

where A(f) is the summed spectrum, 7 the duration of the
total Lg window, n the number of data segments, and ¢ the
duration of the window segments. The summed spectrum
A(f) was then smoothed across frequencies using a moving
average with a window of constant logarithmic frequency
(B. Herrmann, personal commun.). This smoothed spectrum
A(f,) is computed at a discrete set of frequencies, f; =
10.0705 + 0050 where i = 0, 30. The smoothing at each
frequency f; is carried out as

1 Jup

> A(f) with  (7)
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Figure 1. A map of the western United States
showing earthquakes (diamonds, accompanied by
identifying numbers), Nevada test site (NTS) explo-
sions (open circles) and locations of the four broad-
band seismic stations (triangles) used in this study.

iyp(D) = nint[10.7045+00/g¢ 4 1] and

Jiow(@) nint[10.(7%-3570050/gF 4 1],

where df is the discrete frequency interval of the summed
spectrum A(f), and j,,(i) and jj,, (i) are the upper and lower
indices that determine the moving spectral window for
smoothing. The length of the smoothed spectral window
used for further analysis varied with the length of the usable
individual data segment spectra, which were functions of the
length of the original Lg time window.

For each Lg window, a noise spectrum was obtained
from a single segment that preceded the P wave. This noise
spectrum was processed in a fashion similar to the signal
segments, normalized to the same duration as the signal, and
then subtracted from the signal power. The noise was sub-
tracted in the same manner as Atkinson and Mereu (1992),
through

A,(fd) = [Az(fd) - Nz(fd)]llz, (8)

where N(f,), A(f,) and A'(®,) are the spectra of the noise,
smoothed data, and the noise-corrected data signals, respec-
tively. Using a pre-P window for determining the noise spec-
trum, as opposed to the pre-Lg window, is commonly done
with Lg studies (Sereno et al., 1988; Xie, 1993; Xie et al.,
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Table 3
Western United States Earthquakes and Nevada Test Site Explosions Used for the Determination of Source Parameters
Date Origin Time Depth my, Number of
Event (m d y) (h:m:s) Latitude Longitude (km) (mb) Stations Used
Western United States Earthquakes
(1) Upland, CA 22890 23:43:36.60 34.140 —117.700 5 5.5 2
(2) Lee Vining, CA 10 24 90 06:15:12.70 38.047 —119.157 12 5.4 2
(3) Landers, CA 63092 14:38:11.59 34.004 —116.361 0 5.1 2
(4) Landers, CA 7 592 21:18:27.09 34.583 —116.319 0 5.3 2
(5) Garlock, CA 71192 18:14:16.15 35.210 —118.066 10 5.3 2
(6) Big Bear, CA 12 492 02:08:57.50 34.369 —116.897 3 5.3 3
(7) Gilroy, CA 11693 06:29:34.90 37.025 —121.458 5 4.8 3
(8) Cataract Creek, AZ 42593 09:29:50.30 35.624 —112.147 0 5.0 3
(9) Cataract Creek, AZ 42993 08:21:00.81 35.611 —112.112 10 5.5 3
(10) Eureka Valley, CA 51793 23:20:49.22 37.171 —117.775 6 6.0 2
(11) Eureka Valley, CA 51893 01:03:06.43 37.152 —117.762 2 4.6 2
(12) Eureka Valley, CA 51893 23:48:53.90 37.064 —117.777 3 5.0 2
(13) Eureka Valley, CA 51993 14:13:22.58 37.137 —117.768 0 49 2
(14) Bakersfield, CA 52893 04:47:40.60 35.149 —119.104 21 4.6 1
(15) Alum Rock, CA 81193 22:33:04.00 37.313 —121.675 9 4.6 4
(16) Klamath Falls, OR 921093 03:28:55.42 42314 —122.012 10 5.7 4
(17) Klamath Falls, OR 92193 05:45:33.75 42.358 —122.045 5 5.6 4
(18) Northridge, CA 11794 23:33:30.69 34.326 —118.698 9 5.7 3
(19) Northridge, CA 11894 00:43:08.79 34.377 —118.698 11 5.4 3
(20) Northridge, CA 11994 21:09:28.59 34.379 —118.711 14 5.1 2
(21) Northridge, CA 32094 21:20:12.20 34.231 —118.475 13 5.2 2
(22) Drainey Peak, ID 2 394 09:05:04.20 42.762 —110.976 7 54 3
(23) Near Borah Peak, ID 6 79% 13:30:03.47 44.493 —114.003 5 4.8 2
(24) Double Springs Flat, NV 91294 12:23:43.20 38.819 —119.652 14 54 3
(25) Double Springs Flat, NV 91294 23:57:09.84 38.759 —119.744 0 49 3
Nevada Test Site Explosions
(1) Schellbourne 51388 15:35:00.11 37.124 —-116.072 — 4.8 3
(2) Alamo 7 788 15:05:30.07 37.252 —-116.377 — 5.6 3
(3) Kearserge 817 88 17:00:00.09 37.297 —116.307 — 55 4
(4) Texarkana 210 89 20:30:00.00 37.077 —116.000 — 52 3
(5) Ingot 3 989 14:05:00.00 37.143 —116.067 — 5.0 3
(6) Contact 622 89 21:15:00.00 37.283 —116.412 — 5.3 2
(7) Amarillo 627 89 15:30:00.00 37.275 —116.354 — 4.9 3
(8) Hornitos 10 31 89 15:30:00.00 37.263 —116.490 — 5.7 4
(9) Metropolis 31090 16:00:00.00 37.112 —116.055 — 5.0 4
(10) Bullion 51390 15:34:59.99 37.262 —116.420 — 5.7 4
(11) Mineral Quarry 72590 15:00:00.00 37.720 —-116.210 — 4.7 4
(12) Houston 111490 19:17:00.07 37.227 —116.371 — 54 3
(13) Bexar 4 491 15:34:59.99 37.296 —-116.313 — 5.6 4
(14) Junction 32692 16:30:00.99 37.272 —116.360 — 5.5 3
(15) Divider 92392 15:04:00.00 37.021 —115.988 — 4.4 2

The origin times and locations are from the U.S. Geological Survey’s Preliminary Determination of Epicenters. m,, values are obtained from the USGS.
National Earthquake Information Center at web site, http://wwwneic.cr.usgs.gov/neis/epic/epic.html

1996; Cong et al., 1996). A pre-Lg window contains the S,
coda, and it therefore produces an overestimation of the
noise present throughout the Lg signal, and the use of a pre-
Lg noise window may overestimate the high-frequency part
of the Lg spectrum due to the persistence of the P coda
throughout the signal (Boore and Atkinson, 1992).

The result of the multisegment technique is an Lg am-
plitude spectrum that is more stable than the spectrum ob-
tained from a simple Fourier transform of the whole Lg win-
dow. By stable, we mean that the spectrum amplitudes are
less variable over small changes in frequency and, therefore,
more similar to the theoretical spectra to which they will be

compared. Part of this stability is due to the windowing tech-
nique, where summing several spectra smooths out the spec-
tral peaks that result from a single window, and some of the
stability comes from the spectral smoothing done with the
constant-logarithmic-window moving average. We get sta-
ble Lg amplitudes between 0.316 Hz at the lower end and 5
to 10 Hz at the higher end for both earthquakes and explo-
sions. It is important that we have good Lg signals at fre-
quencies that are low enough to be able to constrain the
low-frequency moment and corner frequency estimates. Ex-
amples of the multisegment technique are shown for an
earthquake and an explosion in Figures 2 and 3. These two
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Figure 2. A seismogram recorded at station ELK
from an earthquake in Eureka Valley, California 18
May 1993, 23 hr showing the Lg wave time series and
its isolated spectrum (squares). The large bracket
shows the extent of the Lg wave window, and the
smaller brackets show the individual segments used
in analyzing the Lg spectrum. The amplitude spectra
of these segments d(f) are shown with the thin lines,
and the thick line is the summed spectrum A(f) of
equation (6). The squares [A(f;) of equation (7)] are
smoothed spectral amplitudes computed at discrete
frequencies. The noise window is labeled as nw, and
its amplitude is shown with the dashed line.

events were selected because both have comparable epicen-
tral distances to the station ELK of LLNL. The seismogram
are shown, displaying the times of the multiple signal seg-
ments as well as the noise segment. The multiple thin lines
are the spectra of the separate segments, the solid line is the
summed spectrum (equation 6) of the individual spectra. The
squares show the smoothed Lg spectrum (equation 7), and
the dashed line shows the noise spectrum. Note that none of
the individual spectra (thin lines) dominates the final
smoothed spectrum (squares).

Results

The GA inversion finds the set of parameters (M, f.,
0,, M) that best fits the spectral amplitude curves just dis-
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Figure 3. Same as Figure 2, but for an NTS explo-
sion (Texarkana, 10 February 1989) recorded at sta-
tion ELK.

cussed. For the earthquake and explosion examples shown
in Figures 2 and 3, the fits of the resulting models to the data
are shown in Figures 4 and 5. The results of the modeling
for all of the earthquakes and explosions are shown in Tables
4 and 5 and in the following figures. The values for the
earthquake-station path attenuation were very internally con-
sistent. They suggest a gradual transition from lower atten-
uation (Q, = 300-320) at the northeastern part of our region
of study (northeastern Nevada), to greater attenuation (Q, =
260) at the southwestern part of our study area (southern
California). These results will be presented in a subsequent
publication.

Figure 6 shows the log—log plot of the observed mo-
ments versus corner frequencies for the set of 25 WUS earth-
quakes processed using a theoretical earthquake source
(double-couple). Events of larger moment usually have
lower corner frequencies, and the two are expected to related
by a scaling law that takes the form of

M, = constant X f%, )
where x is a negative constant that is often in the range of
—2to —3 (Aki, 1967; Nuttli, 1983). According to equation
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Figure 4. Examples of fits between observed (plus

signs) and predicted (solid line) Lg source spectra for
the Eureka Valley, California, earthquake depicted in
Figure 2, shown at the two recording stations. The
predicted source spectrum is calculated using the op-
timal source model parameters, M, and f, (Table 4),
and path attenuation parameters, Q, and 7, found
through a genetic algorithm search and shown inside
each panel. The observed Lg source spectra (plus
signs) are obtained by correcting for the instrument
response, geometrical spreading, and path attenua-
tion, and by using the method described in Figure 2
of smoothing a summed set of individual Lg subsec-
tion spectra.

(9), the log values in Figure 6 should lie along a straight
line, whose slope is the scaling constant x.

The slope of the line that best fits the log—log values in
Figure 6 is computed using a least-squares linear regression
through the points, minimizing only the log M, values. This
is done to provide a comparison with previous studies, which
have used the same method. The result is

log M, = 16.07(£0.54) — 2.93(+0.85) log ., (10)

and the correlation coefficient is R = —0.58. The uncer-
tainties given are 1 ¢ standard deviations in the slope and
intercept. The scaling relation of —2.93 is different than the
value of —1.97 obtained by Mitchell ez al. (1997) for the
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Figure 5.  Same as Figure 4, but for the three sta-

tions that recorded the Texarkana NTS explosion.

eastern United States from 31 earthquakes, but is closer to
that obtained by Cong et al. (1996) for 51 earthquakes in
central Asia (—3.56).

Figure 7 shows a log—log plot of the GA-obtained M,
values compared with the m,, values, also for the set of WUS
earthquakes using an earthquake source. The linear regres-
sion yields

log M, = 9.72(+0.84) + 1.37(£0.15)m,, (11)

and the correlation coefficient is R = (.88.
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Table 4
Source Parameters of WUS Earthquakes
M, X 10" (N m) f. (Hz)
Earthquake Source Published Earthquake Source

Noise No Noise Noise No Noise

Earthquake Correction Correction Moments Correction Correction
(1) Upland, CA 266.0 178.0 250.0% 0.37 0.50
(2) Lee Vining, CA 95.5 89.7 77.0% 0.39 0.48
(3) Landers, CA 344 55.4 6.7% 0.46 0.39
(4) Landers, CA 154.0 160.0 — 0.66 0.48
(5) Garlock, CA 44.4 47.2 — 0.53 0.55
(6) Big Bear, CA 38.5 54.3 73.0% 0.46 0.48
(7) Gilroy, CA 17.5 17.2 38.07 0.50 0.50
(8) Cataract Creek, AZ 14.1 14.7 16.07 0.62 0.80
(9) Cataract Creek, AZ 72.7 83.8 100.0F 0.59 0.50
(10) Eureka Valley, CA 571.0 583.0 1400.0% 0.41 0.40
(11) Eureka Valley, CA 15.5 15.1 — 0.64 0.82
(12) Eureka Valley, CA 24.3 25.6 — 1.00 1.00
(13) Eureka Valley, CA 18.5 18.1 — 1.00 0.93
(14) Bakersfield, CA 16.2 16.2 15.0F 0.64 0.64
(15) Alum Rock, CA 15.3 16.0 18.07 0.53 0.53
(16) Klamath Falls, OR 605.0 227.0 1100.0% 0.44 0.68
(17) Klamath Falls, OR 589.0 489.0 1100.0F 0.50 0.55
(18) Northridge, CA 931.0 486.0 870.0F 0.32 0.53
(19) Northridge, CA 59.3 62.0 — 0.62 0.66
(20) Northridge, CA 70.8 83.5 — 0.44 0.44
(21) Northridge, CA 76.9 55.5 — 0.59 0.68
(22) Drainey Peak, ID 309.0 310.0 420.0* 0.57 0.50
(23) Near Borah Peak, ID 42.5 38.3 — 0.62 0.64
(24) Double Springs Flat, NV 249.0 231.0 — 0.48 0.50
(25) Double Springs Flat, NV 283 29.7 — 0.53 0.50

*Moments from Dreger and Helmberger (1993).
fMoments from Ritsema and Lay (1995).
Table 5
Source Parameters of NTS Explosions
My X 10" (N m) f. (Hz)
Explosion Source Earthquake Source Explosion Source Earthquake Source

Explosion Noise Noise No Noise Published Noise Noise No Noise

Correction Correction Correction Moments Correction Correction Correction
(1) Schellbourne 2.29 3.21 2.53 3.0 0.88 0.88 1.01
(2) Alamo 11.6 16.0 15.1 23.0 0.98 1.14 1.27
(3) Kearserge 9.12 10.0 8.77 18.0 0.82 0.88 1.11
(4) Texarkana 52 7.15 6.8 8.1 0.88 1.17 1.17
(5) Ingot 4.67 6.31 6.12 — 0.79 0.82 0.88
(6) Contact 17.3 16.1 12.5 21.0 0.69 0.88 0.88
(7) Amarillo 2.44 3.15 3.11 L5 0.88 1.17 1.37
(8) Hornitos 16.8 342 35.0 — 0.72 0.66 0.69
(9) Metropolis 5.97 7.62 7.45 — 0.75 0.92 0.98
(10) Bullion 24.5 33.6 30.4 — 0.66 0.85 0.92
(11) Mineral Quarry 1.31 1.35 1.58 — 0.66 1.08 1.14
(12) Houston 4.58 6.7 5.1 — 0.88 1.14 1.40
(13) Bexar 10.9 11.8 114 24.0 0.63 0.88 0.95
(14) Junction 7.5 11.5 134 — 0.85 1.30 1.08
(15) Divide 0.748 1.28 1.34 1.7,% 0.19% 1.30 1.40 1.40

*From Zhao and Helmberger (1996).
FFrom Woods et al. (1993).
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Figure 6. A logarithmic plot of f, versus M, ob-
tained from the Lg spectra of 25 earthquakes in the
western United States. The solid line is the least-
squares regression, which gives a slope of —2.93. An
earthquakes source model is assumed in obtaining the
source parameters for these earthquakes.
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Figure 7. A logarithmic plot of M, versus ny, ob-
tained from the Lg spectra of the western United
States earthquakes. The M, values are obtained by
fitting the Lg spectra using an earthquake source (dou-
ble couple) model. The m,, values are obtained from
published sources. The solid line is the least-squares
regression, which gives a slope of 1.37.

Figures 8 and 9 show results equivalent to 6 and 7, but
for the 15 NTS nuclear explosions. Modeling is done using
values computed for explosion sources. For the log—log re-
lationship between M, and f., the linear regression gives

log M, =

15.48(+0.40) — 2.98(+1.22) log £., (12)
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Figure 8. Same as Figure 6, but for the 15 NTS

explosions, modeled with an explosion source. The
slope is —2.98.
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Figure 9. Same as Figure 7, but for the 15 NTS

explosions, modeled with an explosion source. The
slope is 0.98.

with a correlation coefficient of —0.56. The scaling param-
eter of —2.98 does not differ significantly from the —3.83
value obtained by Xie et al. (1996) for 20 nuclear explosions
in central Asia (also computed with an explosion source).
For the comparison between computed M, values and

bulletin m,, values, shown in Figure 9, the linear regression
gives

log M, = 10.64(+0.64) + 0.98(*+0.12)m,, (13)

with a correlation coefficient of R = 0.92.
There is an obvious flaw with the previous two figures
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if the aim is to determine whether a source is an earthquake
or an explosion: we do not know a priori whether to use an
explosion or earthquake source. As there are many more
global earthquakes than nuclear tests, we shall assume an
earthquake source for all events to see if the two populations
separate. While we can expect to do a less satisfactory job
of fitting the explosion data if we use an earthquake source,
what we gain is much more important: the ability to use the
analysis as a straight-forward discriminant between earth-
quake and explosion data. Using earthquake sources for the
computation of the explosions (Fig. 10), the linear regression
between the logM, and logf values yields

log M, = 15.87(+0.38) —2.76(+1.11) log ., (14)

with a correlation coefficient of —0.56 (essentially un-
changed from the value of —0.58 obtained with the explo-
sion source). The important difference between using the
earthquake and explosion sources for computing the explo-
sion parameters is that the earthquake source provides larger
M, and f, values.

The log M, vs. log f. slope of the explosions with an
explosion source hardly differed from that of the earthquakes
(—2.98 compared to —2.93), and this is also true for the
explosion parameters computed using an earthquake source
(—2.76) (Fig. 11). This analysis reveals no systematic dif-
ference between the populations of earthquakes and explo-
sions: the moments scale continuously across the two pop-
ulations with respect to the corner frequencies. Any single
explosion could easily be considered part of the earthquake
population.

A method of source discrimination can be found, how-
ever, by comparing moments and body-wave magnitudes.
When the 15 NTS explosions are analyzed with earthquake
sources, the resulting linear regression gives
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Figure 10. Same as Figure 6, but for the NTS ex-

plosions, now modeled with an earthquake source
model.

log M, = 10.70(£0.61) + 0.99(=0.11)m,, (15)

with a high correlation coefficient of R = 0.93.

Plotting the Lg-derived log M, and m,, values for both
earthquakes and explosions together (Fig. 12), it is clear that
a strong means of discrimination exists. The fields for the
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Figure 11. Comparison between the moments and

corner frequencies for the populations of explosions
(circles) and earthquakes (crosses) studied here. Both
are computed using the earthquake source model. The
earthquakes and explosions have nearly identical
slopes for the relations between log M, and log f,,
making it impossible to distinguish the source mech-
anism of an individual event on this basis.
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Figure 12. Comparison of the Lg seismic mo-
ments and my,, magnitudes for the earthquakes (plus-
ses) and explosions (circles) used in this study. Both
are modeled with earthquake sources. There is a clear
separation between the two populations, represented
by the solid line defined in equation (16), which lies
nearly halfway between the separate linear fits to the
earthquakes and explosions.
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earthquake and explosion populations separate into two dis-
tinct groups. We define a line that is nearly half-way between
the two lines for earthquakes and explosions:

log M, = 10.20 + 1.16m,, (16)

that separates the two populations. Values above this line
are earthquakes, and values below this line are explosions.
This kind of discriminant has been demonstrated before by
Woods et al. (1993) and Patton and Walter (1993). Woods
et al. (1993) compiled moment values for 299 earthquakes
and 178 explosions and plotted them versus the local mag-
nitude, M;, values. They found two well-separated popula-
tions with respect to source type. This separation is attributed
to the different frequencies of the measurements, as M is
measured at 1 Hz and the moments are determined at longer
periods. The impulsive source of the explosions is less ef-
ficient at generating low-frequency waves. Patton and Wal-
ter (1993) developed relations between M, and my, for P,
waves taken from NTS explosions and U.S. earthquakes.
They found the log M, vs. my, (P,,) slope of the earthquakes
(1.12) to be higher than that of the explosions (1.02), while
the intercept of the earthquakes (9.55) was lower than that
of the explosions (11.27). We observe similar differences in
our study. Patton and Walter (1993) preassumed the source
type (using explosion sources for explosions) and found an
excellent separation between the earthquake and explosion
populations, attributing this separation to the combined con-
tributions from different radiation patterns, material prop-
erties, and apparent source stress drops. Other studies have
also found separations of earthquake and explosion popu-
lations in plots of M and my, (i.e., Sykes and Evernden, 1982;
Taylor et al., 1986).

Reliability Tests

The separation of the earthquakes and explosions on a
plot of log M(Lg) vs. my, shown in Figure 12, is significant,
but it is important to examine the robustness of this result.
We are not so concerned with obtaining the most accurate
measurements of the moments of the sources, as this would
be better found using an analysis that incorporated other
seismic phases to use as much of the full seismogram as
possible. Rather, we want to make sure that the Lg wave
provides a strong discriminant between explosive and
double-couple mechanisms.

One possible source of bias is our attempt to extract
signal from noise by subtracting out the power of a sample
pre-P-wave noise segment. To check this, we carried out the
analysis for the earthquakes and explosions (with earthquake
sources) without the noise reduction. We found that for the
earthquakes, omitting the noise reduction changed the log
M, vs. f, slope from —2.93 to —2.39 and intercept from
16.07 to 16.26, and the log M, vs. my slope from 1.37 to
1.24 and intercept from 9.72 to 10.35. For the explosions
(with the assumed earthquake source mechanisms), omitting
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the noise reduction changed the log M, vs. f. slope from
—2.76 to —3.00 and intercept from 15.87 to 15.94, and the
log M, vs. my, slope from 0.99 to 0.97 and intercept from
10.70 to 10.83. There was no systematic change to the mo-
ment values through the removal of the noise correction, as
seen in Tables 4 and 5. Because spectral noise levels were
typically one to two orders of magnitude smaller than the
signal spectra, the application of the noise correction in
equation 8, involving the difference of the squares of the
signal and noise amplitudes, was not significant. The mo-
ment values changed slightly when the inversions were run
without the noise corrections, but these changes were due to
trade-offs with the other free parameters. For example,
whenever the moment increased, there was almost always a
corresponding decrease in the corner frequency. These var-
iations are an indication of the expected deviations of the
GA-derived moment values.

More importantly, omitting the incorporation of the
noise reduction does not alter the separation of the earth-
quakes and explosions on a log M (Lg) vs. my, plot. There is
still a clear separation between the earthquake and explosion
fields. The same line (equation 16), is still viable as a source
delimiter between the earthquakes and explosions.

Another concern is that there might be a systematic
trade-off between the seismic moment and attenuation con-
stant. To investigate this trade-off between Q, and M,, we
carried out a test for examples of an earthquake (7 November
1992, Garlock Fault) and an explosion (7 July 1988, Alamo).
The f. and 1 values from the best solutions were held con-
stant, and the inversion was rerun for a range of Q, values.
Figure 13a shows the range of M, values (crosses) that result
when Q, is constrained at values from 100 to 700. The circle
shows the original best solution for the two seismograms
available (they both have the same Q, value: 330). Figure
13c shows the change in cost for this experiment. The op-
timal solution sits at the bottom of a narrow cost well, with
a cost of 6.0. Increasing the cost of the fit by 50%, which
represents a significant degradation of the solution, would
signify a possible Q, range of 255 to 450. This would also
signify a range for M, of 81 X 10' to 26 X 10'> N m. This
would not move the log M, value in Figure 13 a significant
amount. M, changes rapidly with respect to O, when Q, has
low values (Fig. 13a), but the cost rises dramatically at this
range (Figure 13c), so this is not likely. The cost rises more
slowly for increasing values of Q,, but the trade-off with M,
is less significant for high Q.. The result is that unrealistic
values of Q, are needed to significantly affect our M, values,
and the high cost of these solutions prevents them from in-
fluencing our results. Figures 13b and 13d show the same
analysis for the Alamo nuclear test. In this case there are
three recording stations, shown at their optimal individual
earthquake-station path Q, values as circles. Because we
constrain all three paths to have the same Q, values for our
trade-off tests, shown as crosses, the cost values are always
higher than the optimal solution. However, the result is the
same as for the Garlock earthquake. Large changes in Q, are
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Figure 13. Demonstration of the trade-off be-

tween M, and Q, that results during the GA inversion,
shown for an earthquake (Garlock, 7 November 1992)
in (a) and (c), and an explosion (Alamo, 7 July 1988)
in (b) and (d). The trade-offs are shown in (a) and (b),
with circles showing the original optimum values and
crosses showing the moments that result when all
earthquake-station path Q values are constrained at a
series of values. The costs of these test runs are shown
in (c¢) and (d). The value of the computed moment
cannot change greatly without significant increase in
the cost, or misfit, of the solution.

needed to significantly change M., but such values are pre-
cluded by their high costs. Tests of the trade-off between the
moment and the corner frequency showed a very similar
relationship. Decreasing f.. resulted in an increase in M, and
increasing f resulted in a decrease in M, though significant
increases in either were accompanied by unreasonably high
increases in the cost of the solution.

Conclusions

With further testing, Lg waves may be used to provide
a reliable real-time discriminant between earthquake and ex-
plosion sources. If continental paths are available and m,
values are obtained, then the inversion of the Lg amplitude
spectra provides estimates of the seismic moment, which
aids in the source discrimination of an individual seismic
event.

We have developed a method of analysis where the
event Lg amplitude spectrum is a function of a small number
of independent variables: the seismic moment (M,) and cor-
ner frequency (f.) of the seismic event, and the average path
attenuation at 1 Hz (Q,) and attenuation frequency depen-
dence (n) for all of the source-station paths. Because these
four parameters interact in a very nonlinear way, a genetic
algorithm is used to search efficiently the multiparameter
space to obtain optimum models. The inversion simulta-
neously obtains the average Q properties for the Lg wave

paths, so little a priori regional information is required. The
M, estimates are subject to trade-offs with O, but this effect
is too small to invalidate the Lg moment as a means of source
discrimination.

We have applied this method of analysis to 25 shallow
western U.S. earthquakes and 15 nuclear tests at the NTS.
All seismic records used are from four identical seismome-
ters operated by the Lawrence Livermore National Labora-
tory in order to help reduce receiver site and instrument
biases. As populations, there are no significant systematic
differences between the trends of f, versus M, plots for the
earthquakes and explosions. A linear fit to the distribution
of earthquake log M, and log f. has a slope of —2.93. The
linear fit to the same distribution of explosion values has a
slope of —2.76. If an appropriate explosive source is used
in the Lg source description for the population of explosions,
then the linear slope of the log M, vs. f. values becomes
—2.98. None of these slopes are significantly different than
the others. The source type of a distinct regional population
of events could not be determined using this discriminant.

If the m,, value is available, however, then a means of
discriminating earthquakes from explosions is provided by
the Lg-derived seismic moments (M,). A plot of the mo-
ments and the my, values results in a distinct separation of
the earthquake and explosion populations. This separation
can be quantified by a line, equation (16), that is nearly half-
way between the best-fit lines that model the earthquake and
explosion data separately. For a given m,, the earthquake
moments are about an order of magnitude larger than the
explosion moments.
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