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Isotropic and Nonisotropic Components of Earthquakes
and Nuclear Explosions on the Lop Nor Test Site, China

B. G. BUKCHIN,! A. Z. MOSTINSKY,! A. A. EGORKIN,' A. L. LEVSHIN,?
and M. H. RITZWOLLER?

Abstract— We test the hypothesis that the existence of an observable non-zero isotropic component of
seismic moment can be used as a discriminant to distinguish nuclear explosions from shallow earthquakes.
We do this by applying the method described herein to a small set of data recorded between 1990 and 1996
following events (seven nuclear explosions, three earthquakes) that occurred on the Lop Nor test site in
Western China. We represent each source as a sum of an isotropic component at the surface and a
nonisotropic, double-couple component at an estimated depth. The explosions all possess a significant non-
zero isotropic component and the estimated depth of the double-couple component of the moment tensor,
presumably the result of tectonic release, lies between about 0 and 3 km. For the earthquakes studied, the
isotropic component is indistinguishable from zero and the depths of the sources are estimated at 3, 17 and
31 km. The data set we have studied, although still very small, suggests that certain source characteristics
(namely, double-couple depth and the ratio of the isotropic to nonisotropic components of seismic
moment) may prove useful in discriminating explosions from shallow earthquakes. Further work is needed
to determine whether these observations hold for explosions at other test sites, to investigate a much larger
set of shallow earthquakes located in regions of interest, and to study the robustness of the estimated
source parameters as source magnitude and the number of observing stations decrease.
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1. Introduction

It has long been known that nearly all underground nuclear explosions have a
significant component of nonisotropic seismic radiation (e.g., PRESS and ARCHAM-
BEAU, 1962; BRUNE and POMEROY, 1963; AKI and TsAl, 1972; Toks6z and KEHRER,
1972; HELLE and RYGG, 1984; WALLACE ef al., 1985; WALTER and PATTON, 1990).
There appears to be general agreement that the long-period part of the nonisotropic
radiation is caused by tectonic release due to existing tectonic stresses in the source
region (MUELLER and MURPHY, 1971; ARCHAMBEAU, 1972; MASSE, 1981; WALLACE
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et al., 1985; DAY and STEVENS, 1986; STEVENS, 1986; DAY et al., 1987; PATTON, 1991;
STEVENS et al., 1991; HARKRIDER et al., 1994; EKSTROM and RICHARDS, 1994; LI
et al., 1995).

Most of the experimental studies of tectonic release have concentrated on
explosions at the Nevada test site and the test sites in Kazakhstan. BURGER et al.
(1986) described the long-period S-wave radiation by tectonic release of explosions at
Novaya Zemlya. ZHANG (1994), LEVSHIN and RITZwWOLLER (1995), and WALLACE
and TINKER (1996) studied Chinese nuclear explosions and found that most are
accompanied by tectonic release. However, we are unaware of any detailed analysis
of source mechanisms of these events.

Several authors have estimated the relative contributions of the nonisotropic
(tectonic release) and isotropic (explosion) components to the resulting seismic
moment tensor of explosions (see, for example, EKSTROM and RICHARDS, 1994). As a
rule these estimates have been performed using the assumption that both phenomena
occur in the same small volume inside the earth.

Although the determination of the source mechanism of earthquakes is a routine
operation, only a few studies have evaluated the isotropic component of earthquake
radiation. This is especially true for weak events that are of the primary interest for
discrimination purposes. As is well known, a pure shear dislocation does not radiate
an isotropic component. Subsequently, the natural tendency is to constrain the
moment tensor solution with the assumption of a zero trace. However, from the
point of view of discrimination it is important to determine if a significant isotropic
component could appear in unconstrained moment tensor solutions due to physical
phenomena in the source region or due to inaccuracy of measurements and
underlying assumptions.

In this paper we will describe an approach to estimate the isotropic and
nonisotropic components of the source mechanism and will apply this method to a
small set of data for several earthquakes and explosions on the Lop Nor test site. The
purpose is to determine whether the existence of a strong isotropic moment is
consistent with the hypothesis that the event is an explosion. For each of the ten
events we consider (7 explosions and 3 earthquakes, Fig. 1), we obtain estimates of
the isotropic and nonisotropic moments, characterize the tectonic release by
estimating the moment tensor of the nonisotropic source, and estimate the depth
of the equivalent double-couple of the nonisotropic source. Our approach differs
from those of previous studies in three main ways which are designed to focus the
method on the discrimination problem: (1) we allow the depth of tectonic release for
all events (earthquakes and explosions) to be variable and fix only the depth of the
isotropic source near the surface, (2) we fit only the amplitude of the surface wave
spectrum so the method, in principal, can be applied to considerably smaller events
for which the interpretation of phase may be ambiguous, and (3) we minimize the
misfit between synthetic and observed surface wave amplitude spectra jointly with
fitting polarities of P-wave first arrivals.
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Figure 1
Epicenters and focal mechanisms of earthquakes (circles) and tectonic releases accompanying explosions
(stars).

Our approach is, therefore, based on the combination of an isotropic moment
tensor at the surface, which models an explosive source, and a pure double-couple at
an estimated depth, which models tectonic release. We find it useful to express the
seismic moment of the double-couple component, Mo,,, and the seismic moment of
the isotropic component, M., as the total seismic moment M; and an angle ¢ which
determines the ratio of the seismic moments of the isotropic and double-couple
components:

Mogu = Mycos ¢ (1)
M()ex = M() sin Q@ (2)
MOex
tan @ = . 3
Mo (3)

We call ¢ the isotropic angle, for want of a better term, because ¢ = 0 corresponds to
a pure earthquake and ¢ = 90° corresponds to a pure explosion. With this notation
and the assumption that the isotropic component of the source occurs at a known
depth (usually at or near the surface), the source can then be characterized by six
parameters: the seismic moment M, the isotropic angle ¢, three angles (or two
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principal axes, T (tension) and P (compression)) determining the double-couple focal
mechanism, and the double-couple depth 4.

We determine these source parameters by fitting the polarities of P-wave first
arrivals jointly while minimizing the misfit between synthetic and observed Love and
Rayleigh surface wave amplitude spectra. We search for the optimal set of
parameters by a systematic exploration of parameter space. To characterize the
uncertainty of the source parameters, we calculate partial residual functions which
describe the minimum misfit as a function of each varying parameter.

2. The Algorithm

An instantaneous point source can be described by the moment tensor, a
symmetric 3 x 3 matrix M. Seismic moment, M;, is defined by the equation
My = (1/2 tr(MTM))l/z, where M’ is the transposed moment tensor and
tr(M'M) = Z?le Mj The moment tensor for any event can be presented in the
form M = Mym, where the matrix m is normalized by the condition tr(m”m) = 2. We
consider each event as a sum of an earthquake (0-trace moment tensor M,,) and an
explosion (moment tensor M,,). The moment tensor M of such an event is given by
the sum M = My, + M,,. If T be the 3 x 3 identity matrix, then M., = 1/2/3 Mo,
where M., 1s the seismic moment of the explosion. For the earthquake,
M, = Mo,m, where My, is the seismic moment of the earthquake, and m is a
normalized moment tensor that we will assume has the following characteristics:
trm = 0 and tr(m’m) = 2. Thus, m represents a normalized double-couple mecha-
nism and we assume that M, represents a double-couple source.

The tensors M, and M,, are orthogonal in the sense we describe in the next
paragraph. Thus, the total moment tensor is the sum of two orthogonal components,
and the seismic moments of the explosion and earthquake components of the total
moment can be expressed uniquely as total seismic moment M, and the isotropic
angle ¢ between M and M,,, as given by equations (1)~(3) above.

To show that M, and M, are orthogonal, consider the six dimensional linear
Euclidean space of symmetric 3 x 3 matrices M, and let the scalar product of two
vectors (M, N) be defined as (M,N) = >, . M;;N;; = tr(M”N). The isotropic tensors
M,, form a 1-D subspace which is orthogonal to the 5-D linear subspace of zero trace
tensors M,:

(Mq”, Mex) = 4/ 2/3 nguMoextr(mTI) = 4/ 2/3 ngMMoextI‘m =0 . (4)

Finally, the seismic moment of the combined event can be expressed by the
formula:
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Rayleigh amplitude spectra as function of period
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Comparison of observed (dashed lines) and computed (solid lines) Rayleigh and Love wave amplitude
spectra for the explosion on 5 October, 1993. Stations’ names and azimuths from the epicenter to the
stations are provided. All spectra are normalized by the same value.

My = VT2V M) = /1/2(My, + Meo), (Mg, + M)
= /1/2(Myi My,) + 1/2(Mei, M)

= ngu +M§ex : (5)
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Our appoach then is to consider a seismic source as the combination of an isotropic
tensor, modeling an explosion located at zero depth, and a pure double-couple point
source at a depth 4, modeling the tectonic release. Both explosions and earthquakes
are considered as instantaneous sources. Such a source can be described by six
parameters: isotropic angle ¢, double-couple depth 4, three angles (strike, dip, slip)
characterizing the focal mechanism or alternately the principal tension and
compression axes (T, P), and the seismic moment M,. We determine five of these
parameters by a systematic exploration of the five-dimensional parametric space, and
the sixth parameter, M, by the least-squares minimization of the misfit between
the observed and calculated surface wave amplitude spectra for every current
combination of the other parameters.

Under the assumptions mentioned above, the relation between the surface wave
displacement spectrum u;(X, w) and the total moment tensor M can be expressed by
the following formula

1

9]
M,‘(X,(D) =T M, 7Gij(xa yquaw) +Mex

, L GiX,y,., o 6
in quir ayqu[ jl ayex/ lj( yex ) ) ( )

where i, j = 1,2,3 and the summation convention for repeated indices is used. Here
Gij(x,y,w) is the spectrum of the Green’s function for the chosen model of the
medium and the wave type (see LEVSHIN, 1985; BUKCHIN, 1990), y is the source
location, and x is the observation point. We assume that the explosion and
earthquake have the same horizontal coordinates, but different depths: / for the
earthquake and 0 for the explosion. Another important assumption is that the
propagation medium has only weak lateral inhomogeneities so that the surface wave
part of the Green’s function is determined by structure near the source and receiver,
by the average phase velocity along the path, and by geometrical spreading
(WOODHOUSE, 1974; BABICH et al., 1976; LEVSHIN, 1985; LEVSHIN et al., 1989). The
amplitude spectrum |u;(x, w)| defined by equation (6) does not depend on the average
phase velocity of the wave. Moreover, if lateral heterogeneities are sufficiently
smooth, errors in source location do not affect the amplitude spectrum (BUKCHIN,
1990). Consequently we use only the amplitude spectra of surface waves to determine
the source parameters. An example of fit to the surface wave amplitude spectra is
shown in Figure 2.

Assuming that we know the relevant propagation characteristics of the
medium, equation (6) provides a system of equations for the five parameters
defined above (@, A, T, P). We define a grid in the space of these five parameters
and use equation (6) to calculate the amplitude spectra of the surface waves at the
points of observation for every possible combination of values of the variable
parameters. Comparison of the calculated and observed amplitude spectra gives us
a surface wave residual 8&2 for both Rayleigh and Love waves at each frequency
o. The index i runs through the entire set of observations. Specifically, it
corresponds to a certain station, wave type, and frequency. Let u')(x,®) be any
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Table 1

Observed seismograms and models used for surface wave calculations for each station

Station Azimuth (o) Distance (o) Model
ABKT 271 24 Tectonic
ANTO 287 42 Tectonic
ARU 317 25 Stable
BNG 260 73 Stable
BRVK 319 17 Stable
CHTO 156 24 Stable
DPC 306 49 Stable
ENH 118 20 Stable
ERM 71 40 Stable
HIA 60 23 Stable
HYB 204 26 Stable
GNI 282 33 Tectonic
INU 83 38 Stable
KEV 333 42 Stable
KIV 290 34 Tectonic
KMI 140 20 Tectonic
KONO 320 50 Stable
LZH 111 13 Tectonic
MA2 43 42 Stable
MAIJO 81 38 Stable
MDIJ 70 29 Stable
NIL 242 15 Tectonic
NRIL 0 28 Stable
OBN 310 37 Stable
SEY 38 42 Stable
TATO 111 31 Stable
TLY 40 14 Tectonic
YAK 36 32 Stable
observed value of the spectrum, i=1,...,N, and &) be the corresponding

residual of |u®)(x,w)|. We define the normalized amplitude residual by the
formula

N 1/2

N
bl 0, T,P) = | [ D el S lux o) || (7)
i=1

i=1

M, is found by the least-squares minimization of &, for each combination of values
of the five other variable parameters.

A well-known problem in estimating moment tensors from surface waves is
that the radiation pattern of surface wave amplitude spectra is symmetric with
respect to the epicenter. Another uncertainty in moment tensor estimation
appears when source depth is much less than the wavelength of the observed
surface waves, in which case the surface waves provide only three linear
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Table 2

Crustal and upper mantle models used for surface wave calculations

h(Km) V,(km/s) Vy(km/s) plg/em?)
Lop Nor

1.1 5.08 2.9 2.26

5.8 5.90 3.5 2.59
14.1 6.06 3.57 2.65
30.9 6.51 3.77 2.83

8.1 8.09 4.47 3.38
20.0 8.07 4.46 3.38
35.0 7.99 4.37 3.37
35.0 7.97 4.36 3.37
35.0 7.95 4.34 3.36
35.0 7.93 4.33 3.36
45.0 8.56 4.60 3.45
45.0 8.65 4.64 3.48
45.0 8.74 4.67 3.50
45.0 8.82 4.70 3.53
50.0 9.22 4.95 3.76
50.0 9.47 5.09 3.82
50.0 9.73 5.23 3.88
50.0 9.98 5.38 3.94
50.0 10.14 5.46 3.98

Stable
19.0 6.14 3.55 2.74
19.0 6.58 3.80 3.00
12.0 8.20 4.65 3.32
10.0 8.17 4.62 3.34
10.0 8.14 4.57 3.35
10.0 8.10 4.51 3.36
10.0 8.07 4.46 3.37
10.0 8.02 4.41 3.38
25.0 7.93 4.37 3.39
25.0 7.85 4.35 341
25.0 7.89 4.36 343
25.0 7.98 4.38 3.46
25.0 8.10 4.42 3.48
25.0 8.21 4.46 3.50
50.0 8.38 4.54 3.53
50.0 8.62 4.68 3.58
50.0 8.87 4.85 3.62
50.0 9.15 5.04 3.69
50.0 9.45 5.21 3.82
Tectonic

20.0 6.14 3.55 2.74
20.0 6.80 3.93 3.00
10.0 8.10 4.51 3.32
10.0 8.10 4.51 3.34
10.0 8.10 4.51 3.35
10.0 8.10 4.51 3.36

h is the layer thickness
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Table 3

Information on the 10 events used in the present study

Date Event type my, my Number of Double- My (N -m)  (deg.) ¢ (deg.)

records couple
used depth (km)
21.01.90 earthquake 4.6 - 10 31 0.15- 10" 72 0
26.05.90 earthquake 5.4 - 5 3 0.42 - 10'° 52 0
26.12.94  earthquake 4.6 - 10 17 0.15- 10'° 56 0
16.08.90  explosion 6.2 - 7 1 0.19 - 10" 62 10-30
21.05.92  explosion 6.5 5.0 16 3 0.62 - 107 64 10-15
05.10.93  explosion 5.9 4.7 10 0 0.75 - 10'° 56 0-15
10.06.94  explosion 5.8 - 13 1 0.52 - 10'° 64 20-40
07.10.94  explosion 6.0 - 11 1 0.18 - 10" 60 25-35
15.05.95  explosion 6.1 5.0 9 3 0.15- 10" 62 40-60
08.06.96  explosion 5.9 43 12 3 0.59 - 10'° 58 30-60

Y is the azimuth of the horizontal compression axis, ¢ is the isotropic angle which determines the ratio
of the isotropic and nonisotropic (double-couple) moments.

constraints on the source parameters. To improve the resolution of the source
parameters, we also use the polarities of P-wave first arrivals. In calculating the
radiation pattern of P waves for a set of source parameters, we assume that the
waves radiated by the isotropic (i.e., explosion) and nonisotropic (i.e., tectonic
release or earthquake) source arrive simultaneously. This assumption can be
abolished if the observed signs of the P-first arrivals would be substituted by
polarities measured from long-period P-wave spectra (BUKCHIN et al., 1997).
Before inversion we apply a smoothing procedure to the observed polarities as
follows. A set of observed polarities (+1 for compression and —1 for dilatation)
radiated in nearly the same direction is combined to form a single cluster and is
assigned the mean of the cluster direction. If the number of one polarity in the
cluster is significantly larger than the other, we prescribe this polarity to the
mean direction. If neither of the two polarities dominate, then the entire cluster
is discarded.

Using the misfit between the calculated and observed polarities, we calculate a
joint residual of surface wave amplitude spectra and polarities of P-wave first
arrivals. Let ¢, be the residual of P-wave first arrival polarities (the number of wrong
polarities divided by the full number of observed polarities), we then define the joint
residual ¢ as the sum of the individuals

e=1—(1—-6)(1 — &) (8)

If both residuals ¢, and &, are small, then ¢ is equal approximately to their sum.
We consider the values of parameters that minimize & as estimates of these
parameters.
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Main tension axis

Main compression axis
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Figure 4
Partial residual functions of the orientation of the principal tension and compression axes for the double-
couple focal mechanism of the explosion on 5 October, 1993. The orientation of every axis is shown using a
stereographic projection on the lower hemisphere.

To evaluate the uncertainty of each of these source characteristics we calculate
partial residual functions &,(h), e,(@), er(T), ep(P) in the following way. For each
value of a given parameter we find among all possible combinations of the other
parameters such a value which provides the minimum of this function. Repeating the
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Partial residual functions of isotropic angle ¢ for the explosions. This angle determines the ratio of seismic
moments of isotropic and double-couple components.

search for all possible values of the evaluated parameter we find one at which the
corresponding residual function attains its minimum and take this value as an
estimate of this parameter. The behavior of the residual function characterizes the
uncertainty in determining the corresponding parameter.

3. Data and Data Processing

We utilized IRIS and GEOSCOPE broadband digital seismograms and the
ISC bulletins for 14 events that occurred on the Lop Nor test site in China
from 1990 through 1996. Eight of these events are nuclear explosions, the other
six are earthquakes. However, only 10 events with high signal-to-noise surface
waves recorded at several stations were selected for study. The location of the
selected events (7 explosions and 3 earthquakes) is given in Figure 1. The list of
stations, with their distances and azimuths from Lop Nor test site, are given in
Table 1.

In our calculations of the theoretical surface wave spectra we used three different
models for (1) the structure for the source region, (2) the stations deployed in the
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Same as Figure 5, but for the earthquakes.

stable continental regimes, and (3) the stations in the tectonic regions. For brevity we
will call the corresponding models “Lop Nor,” “Stable,” and ‘““Tectonic.” The
parameters for each model are presented in Table 2. For the Lop Nor model we used a
regional velocity model for the four upper layers and the PREM model for deeper
structure (see LASSERRE et al., 2000). The Tectonic and Stable models are identical
below the first five layers. Column 4 in Table 1 indicates the model used for each
station.

We estimated the source parameters using the spectra of Love and Rayleigh
fundamental waves for periods ranging from 20 s to 70 s. Love and Rayleigh
fundamental modes were extracted by using frequency-time analysis (FTAN) and
floating filtering (e.g., LANDER, 1989, and LEVSHIN et al., 1994). We also analyzed the
polarization of filtered surface waves using the technique described in LANDER
(1989), PAULSSEN et al., (1990), LEVSHIN et al. (1992, 1994), and LEVSHIN and
RITZWOLLER (1995). Only records in which the surface wave polarization pattern did
not exhibit significant azimuthal anomalies (< 15°) were used for further analysis.
Examples of normalized amplitude spectra are shown in Figure 2. Note that the
amplitude of the Love waves, which cannot be excited by a pure isotropic source, is
comparable with the amplitude of the Rayleigh waves.
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(b)

(©) N (d)

Figure 7
Comparison of observed Rayleigh wave spectral amplitudes at 26 s period and polarities of first arrivals for
the explosion on June 10, 1994 with those predicted for two different source models: (a, b) — pure double-
couple; (¢, d) — non-zero isotropic component is added. (a, ¢) — observed (filled circles) and predicted (solid
line) surface wave spectral amplitudes; (b, d) — observed positive (dark dots) and negative (white dots)
P-wave polarities; predicted positive (shaded areas) and negative (white areas) P-wave polarities.

4. Results of Inversions
A summary of the inversion results is given in Table 3.

4.1 Double-couple Depths and Focal Mechanisms

The focal mechanisms for the earthquakes and for the double-couple components
of the explosions are shown in Figure 1.

The double-couple depth is well resolved for all events studied and varies from 0
to 3 km for the explosions and for the earthquakes we obtained depths of 3 km,
31 km, and 17 km. The partial residual function of double-couple depth is presented
in Figure 3 for all events.

Figure 4 shows an example of the resolution of the double-couple focal
mechanism for the large explosion that occurred on October 5, 1993 with m;, = 5.9
and m, = 4.7. This figure displays the partial residual function of principal axes
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(a) N (b)
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Figure 8
Same as Figure 7, but for the Yongden earthquake in Gansu province, China, on July 21, 1995 and 50 s
period.

orientation. The principal compression axis is resolved better than the principal
tension axis.

The number of surface wave records that we selected for the studied events was
admittedly very small (see column 5 in Table 3), particularly for the earthquakes on
the test site. For some events, only a few polarities of P-wave first arrivals were
available. As a result, the double-couple focal mechanism was very well resolved not
only for the earthquake on 21.01.90, but also for half of the events the principal
compression axis, which trends in the SE-NW direction, was resolved well.
Fortunately, GAO and RICHARDS (1994) estimated focal mechanisms of several
earthquakes in the vicinity of Lop Nor. Considering the focal mechanisms of the
studied events, and the solutions obtained by Gao and Richards, we found that while
focal mechanisms vary widely, there is a moment tensor characteristic which is quite
stable for all events. This characteristic is the orientation of the principal axes of the
2 x 2 minor of the moment tensor corresponding to the horizontal coordinates
{Myx, My, M), M,,}. This minor describes the horizontal deformations on the
horizontal plane. We found that for all events, horizontal compression is dominant,
and the principal horizontal compression axis deviates from the average direction
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(with an azimuth of 60°) by no more than 12°. The direction of this axis for every
event is given in the eighth column in Table 3.

4.2 Isotropic Component

These observations allow us to improve the estimates of the isotropic angle ¢ by
assuming that the orientation of the horizontal deformations is a stable characteristic
for the region under study. The average direction of horizontal compression is
deviated from the fault visible in Figure 1 by about 45°. With this assumption, we
applied an «a priori constraint on the possible double-couple focal mechanisms. This
constraint was formulated as a condition that the azimuth of the principal
compression axis of the horizontal minor of the moment tensor cannot differ from
60° by more than +45°. This constraint is weak, but reduces the number of possible
focal mechanisms in half. Although the constraint is heuristic, we can present a
special case when it is exact. This is when the deviatoric tectonic stresses in the region
are horizontal and the direction mentioned above is the direction of principal
compression. Then the constraint follows from the principle of positive deformation
energy: Zii:l S;;M;; > 0, where S is the regional stress tensor, and M is moment
tensor of event in the region.

When we applied this constraint, the resolution of the isotropic angle ¢ defining
the seismic moments ratio was improved for three of the seven studied explosions
(16.08.90, 05.10.93, and 08.06.96) but the mean of the curves did not vary
appreciably. The curves of partial residual functions of the isotropic angle ¢ for all
explosions are shown in Figure 5. Those for the three earthquakes are displayed in
Figure 6. We also applied this method to two earthquakes that occurred in the
Gansu province, China (Tianzhu, 1996, M, =4.9, depth 12 km, and Yongden,
1995, M; =54, depth 6 km) studied by LASSERRE ef al. (2000) under the
assumption of a pure double-couple source. The partial residual functions of the
isotropic angle ¢ are also shown in Figure 6. The explosions, with perhaps one
exception (05.10.93), all display substantial non-zero isotropic angles ¢ ranging
from about 10° to 50°, corresponding to Mye./My,, ranging from about 20% to
120%. In contrast, the isotropic angles for the earthquakes are all estimated to be
approximately 0.

Figure 7 illustrates the effect of adding an isotropic component to the double-
couple source model for an explosion (on June 10, 1994). Theoretical Rayleigh wave
amplitude spectra and P-wave first arrival polarities are compared here with
observations for two different moment tensors. One (a, b) was obtained by
minimizing the joint residual for a fixed zero isotropic angle (double-couple source
model). The other (c, d) is a result of a similar minimization, but for a varying
isotropic angle (30° is the estimated optimal value). The fit to P-wave first arrival
polarities is good for both source models, however the fit to Rayleigh wave amplitude
spectra is decidedly better in the case of a non-zero isotropic component.
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Figure 8 illustrates the effect of adding an isotropic component for the Youngden
earthquake. Similar to Figure 7, the results for two different moment tensors are
presented here. One (a,b) was obtained by minimizing the joint residual for a varying
isotropic angle. The other (c, d) is a result of a similar minimization but for a fixed
(30°) isotropic angle. In contrast with the previous case the fit is better for a pure
double-couple source.

5. Conclusions

The results above are consistent with the hypothesis that motivates this study.
Namely, that for the events we analyzed on the Lop Nor test site, surface wave
amplitude spectra combined with polarities of P-wave first arrivals can be used to
discriminate explosions from earthquakes, based on source characteristics alone
(a combination of the double-couple depth and the ratio of the isotropic to
nonisotropic moments). Considerably more work remains to be done, however, to
determine if the method can be applied to events with much smaller moments and if
the method is transportable to other regions.
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