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1. Introduction

1.1 Objectives

Under a Comprehensive Test Ban Treaty (CTBT), regional seismic
stations are expected to play a key role in monitoring at the low thresholds of
interest. For small events regional stations are likely to provide the only seismic
signals with adequate strength above the background noise to use for event
detection, location, and discrimination. Since the status of regional seismic
discrimination was reviewed by Blandford (1981) and Pomeroy et al. (1982),
considerable progress has been made in understanding the effects of seismic
source mechanisms on regional phase excitation and the influences of geologic
structure on regional phase propagation. However, many problems remain with
regard to determining how potential regional discriminants will perform in
uncalibrated regions, as would be required in the context of a CTBT.

This research project is focused on a particular class of regional
discriminants, viz. those associated with frequency differences in the signals
from different source types. In particular, regional phase spectral ratios involve
exploitation and parameterization of differences in the relative spectral shape,
or frequency content, of regional phase signals from different source types. The
principal objectives of this research program are to develop more complete
understanding of the influences of source excitation and propagation on the
transportability of regional phase spectral ratio discriminants and to define
criteria for application of spectral ratio discrimination methods in uncalibrated
areas. We anticipate that, by applying appropriate corrections for source and
propagation effects, we will be able to more reliably discern source-dependent
differences in the regional phase spectral ratios which should be transportable

into different, uncalibrated monitoring environments.




1.2 Accomplishments

To accomplish our research objectives, we have sought to collect
regional waveform data from a variety of source types including nuclear
explosions, earthquakes, rockbursts, and chemical blasts for a range of
propagation environments. Although nuclear explosions provide the only true
test of regional discrimination techniques, regional waveform data for nuclear
tests are limited to observations from only a few source regions. We have
assembled a representative database of regional recordings for nuclear
explosions from the primary test areas at the Nevada Test Site (NTS), the
former Soviet test site at Shagan River (SR) in East Kazakhstan, the former
Soviet test site at Novaya Zemlya (NZ), and the Chinese test site at Lop Nor.
For comparisons we have also collected regional data, recorded in many cases
at the same stations, from other seismic source types in the same or nearby
regions; and we are continuing to supplement this database with additional
events recorded at the modern IDC and other digital stations for areas of
interest.

In our investigations we have been focusing initially on the spectral
behavior of the regional phases from these sources in the various regions. We
have applied some alternative systematic spectral measurement schemes and
confirmed the differences in spectral behavior of the regional phases Pg and Lg
for NTS explosions and nearby earthquakes, which had been found several
years ago. The same measurements on Asian events do not show similar
behavior for the different source types and may, in fact, show opposite trends.

To extend discrimination capabilities between regions and to permit
more appropriate comparisons between events at different regional distances,
procedures are being developed to account for propagation differences. The

relative spectral content of regional seismic signals can also be affected by



source size, so discriminant measures should also be adjusted for magnitude
differences between events. We have identified scaling procedures which
enable spectral adjustments for source size, and we have been seeking to
determine attenuation relations for various regions and phases which will
permit corrections for propagation.
1.3 Report Organization

This report is divided into five sections including these introductory
remarks. Section 2 describes the event database which we have been working
with. Section 3 discusses the spectral measurement procedures applied to the
western U.S. database and reconsiders the regional phase spectral differences
with appropriate scaling adjustments for differences in source size. Section 4
describes the same procedures applied to the data from Asian events. Section
5 summarizes the preliminary results and describes the plan for continuing work

to evaluate the spectral ratio discriminants.




2. Regional Discrimination Database

2.1 Availability of Digital Data for Discrimination Studies

Regional recordings of underground nuclear explosions cover a very
limited domain in space and time. All but a few U.S. underground nuclear tests
were conducted at NTS in the western U.S. The majority of nuclear tests by the
former Soviet Union were conducted at their test site in East Kazakhstan;
although they have also conducted numerous tests at Novaya Zemlya (NZ), and
in the North Caspian basin, as well as a series of Peaceful Nuclear Explosions
(PNE) over a large geographical region. The Chinese have conducted nuclear
explosions at Lop Nor in western China, and the Indian government has
conducted nuclear weapons tests at a site in that country. France has
conducted nuclear explosion tests in northern Africa and in the South Pacific.
So, while there have been underground nuclear explosions in a variety of
regions around the world, there are large portions of the world where there is
little or no experience with nuclear tests.

A second factor affecting availability of data for regional discrimination
studies is the history of seismic monitoring. Limited historic data from the past
has been overwhelmed in recent years by the onslaught of digital seismic data
from high-quality single stations and arrays. Although these new data include
many interesting seismic events, they include very few nuclear explosion
recordings because of testing moratoria and the tapering off of the nuclear
testing programs in most countries. The new data alone are inadequate to
calibrate regional discrimination capabilities. Fortunately, we do have historical
regional data from many of the nuclear tests in some areas, which can be useful
in helping to infer the characteristics of regional signals from potential nuclear
tests in uncalibrated regions. The best inferences are likely to come from

combining knowledge of regional propagation for earthquakes gained from the
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new monitoring efforts with knowledge of nuclear explosion-vs-earthquake

excitation differences gained from the historical database.

2.2 Western U.S. Event and Station Locations

The best controlled data sample for developing an understanding of the
differences between nuclear explosions and earthquakes in excitation of
regional signals is the large body of regional recordings from NTS nuclear
explosions and nearby earthquakes. These data formed the basis for the
original Lg spectral ratio as a discriminant (cf. Murphy and Bennett, 1982). In
the course of past studies and the current research program, we have collected
digital waveform data from selected NTS nuclear explosions and earthquakes
in the surrounding regions. The regional stations (cf. Figure 1) for which we
have data from this region include the Lawrence Livermore National Laboratory
(LLNL) network stations (viz. MNV, KNB, LAC, and ELK), the old VELA array
stations (viz. TFO, UBO, and BMO), the SRO station ANMO, and the RSTN
station RSSD. At each of these stations we have regional digital data available
from several NTS nuclear explosion tests and earthquakes from the
surrounding region. We also currently have limited data from a few NTS
explosions and nearby earthquakes recorded at the Texas array station (viz.
TXAR) at Lajitas, ;I'exas. Regional data from western U.S. seismic events are
also available for several other regional and far-regional stations. In general,
the regional signals at the nearer western U.S. stations are good and could be
useful for more detailed analyses; however, signal-to-noise levels are poor at
the farther stations, especially for Lg.

Figure 2 shows the distribution with respect to epicentral distance of the
western U.S. nuclear explosions currently in our database, and Figure 3 shows

a similar distribution for western U.S. earthquakes. For NTS explosions the
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LLNL stations are all at ranges less than 500 km, so we could easily expand the
sample in this range with additional events from the LLNL network if needed.
The VELA stations were at distances from 500 km to 1000 km from NTS
explosions; additional digital data from these sources would be very difficult to
acquire. However, this distance range also includes a large sample of NTS
explosions recorded at the SRO station ANMO, and there also should be good
quality regional recordings in this distance range from the station at Pinedale,
Wyoming from many NTS nuclear explosion tests if additional events in this
range are needed. Most of our NTS explosion data at ranges from 1000 km to
1500 km is from the RSTN station RSSD; additional NTS explosion data in this
distance range could be acquired from the station at Lajitas, Texas. NTS
explosions are recorded in North America at ranges beyond 1500 km, but
relatively high attenuation in the western U.S. severely depletes regional
seismic phases (particularly at high frequencies) and minimizes their value as
potential discriminants at these far-regional distances. Therefore, we have
made no attempt to use observations at stations beyond 1500 km from western
U.S. events in our regional discrimination studies.

With regard to the earthquake distribution in Figure 3, all the LLNL station
data in our current database is for ranges less than 500 km. We selected only
events from the immediate vicinity of NTS; the database could be supplemented
with more recent earthquakes near the test site and with additional other
western U.S. earthquakes farther from NTS recorded at the same LLNL
stations. The earthquake data at the VELA stations in our database fall into the
ranges from 0 km to 500 km and from 500 km to 1000 km in Figure 3. It would
be very difficult to supplement the database with additional earthquakes from
the VELA stations; however, the Pinedale and Texas array stations and the

RSSD station as well as other modern digital stations in the region could




provide useful supplements to the regional data in this distance range for

western U.S. earthquakes.

2.3 Eurasian Event and Station Locations

Figure 4 shows the locations of stations for which we have digital data in
our current regional database for Eurasia relative to the principal nuclear test
sites at Shagan River (SR) in East Kazakhstan, NZ on Novaya Zemlya, and Lop
Nor in China. Figures 5 and 6 show the distributions with respect to epicentral
distance for observations of nuclear explosions and earthquakes from the
current regional database that we have assembled for regional discrimination
studies in Eurasia. The data currently include digital recordings at selected
Chinese Digital Seismic Network (CDSN) and Incorporated Research Institute
for Seismology (IRIS) stations from events at the principal Asian test sites,
PNE's throughout the former Soviet Union recorded at station Borovoye (BRV),
and comparison data for earthquakes, which tend to be concentrated along the
southern Soviet border.

In comparison to Figures 2 and 3, the observations from the Eurasian
events generally cover broader ranges of epicentral distances. Whereas the
western U.S. observations tend to be from ranges less than 1000 km, most of
the Eurasian observations are for ranges greater than 1000 km. The reasons
for this are that regional recordings at nearer stations have not been available
for nuclear tests in the former Soviet Union and lower attenuation in Eurasian
platform regions often allows the regional phase signals to be seen above the
noise level at far-regional stations. Supplemental digital data may be available
in certain distance ranges for some Eurasian nuclear explosions. The database
does not currently include recordings at the Borovoye station of nuclear tests at

the former Soviet test site in East Kazakhsfan which could add to observations

10
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in the 500 km to 1000 km range. There should also be regional data at
additional Eurasian stations outside of China for some of the more recent
Chinese nuclear tests at Lop Nor. Recent earthquake digital records from many
modern regional stations could be used to supplement the data sample in
almost any distance range desired; however, the earthquake locations are often
different from those of the underground nuclear explosion tests. The most
relevant earthquake data are probably those from areas of interest or with
propagation paths similar to those from explosion sources. We are currently

evaluating where supplemental data would be most useful.

2.4 Regional Event Magnitudes

'Figures 7 and 8 show the distributions with respect to magnitudes for
events in our western U.S. and Eurasian regional data samples. For the
western U.S. the nuclear explosion sample includes magnitudes over the range
from 3.5 mp to 6 mp with most events in the 5 - 5.5 mp range. The western U.S.
earthquakes in our database tend to have lower magnitudes, with most events
in the 3.5 - 4 mp range. The reason for this is that we tried to select earthquakes
closer to NTS, and many of these were of lesser magnitude than the NTS
nuclear tests to which they are being compared. In our analyses we have been
attempting to minimize the significance of this discrepancy in two ways. First,
we have been trying to add to the regional database earthquakes with
somewhat higher magnitudes (viz. 4.5 - 5.5 mp). Some more recent events on
or just to the west of NTS have been recorded at several regional stations and
should provide useful supplemental data. In addition, when comparing larger
magnitude NTS explosions with the smaller earthquakes near NTS, we have
analyzed the influence of source size on the observations using explosion

source scaling techniques to make the explosions more comparable to the

14
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earthquakes with respect to magnitude, as will be described in the following
section.

The Eurasian nuclear test and earthquake magnitudes in Figure 8 show
more overlap, although the nuclear tests again have somewhat higher
magnitudes than the earthquakes in our samples. The Eurasian nuclear test
magnitude distribution is peaked in the range 5 - 5.5 mp, while the earthquake
magnitude distribution is peaked in the range 4.5 - 5 mp. Here too we are
attempting to account for the influence of such magnitude differences on

potential discriminant measures using source scaling techniques.
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3. Further Analysis of Western U.S. Data

3.1 Previous Findings

The original development of regional phase spectral ratios as
discriminants (cf. Ryall, 1970; Murphy and Bennett, 1982) was based primarily
on analysis of near-regional (ranges less than 800 km) signals from NTS
nuclear explosions and earthquakes in the western U.S. Ruyall (1970) found
that the peak spectral amplitudes occurred at different frequencies for a small
number of explosions and earthquakes recorded in Nevada at very near
regional distances. Murphy and Bennett (1982) and Bennett and Murphy
(1986) analyzed the near-regional VELA station data, described above in
Section 2, from NTS explosions and nearby earthquakes and found that the
earthquake regional phases, and especially Lg, were relatively enriched in high
frequencies compared to the explosions. These findings were confirmed by the
studies of Taylor et al. (1988, 1989) for a large sample of NTS explosions and
earthquakes throughout the western U.S. recorded at the LLNL stations
surrounding NTS; and Bennett et al. (1989) found that subsets of the regional
phases from the LLNL earthquake sample, for events nearer NTS, were also
enriched in high frequencies compared to the explosions. While this
discriminant seemed very promising, attempts to apply it in other regions have
not always been so successful (cf. Bennett et al., 1989, 1992); and we have only
a partial understanding of the theoretical reasons for the behavior observed in

the NTS region.

3.2 Analysis Procedures
In the first phase of this research project, we decided to conduct some
further analyses of the western U.S. events in the database. In particular, we

have applied some alternative spectral analysis methods to the regional signals
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at the LLNL network stations for selected NTS explosions and earthquakes.
Figure 9 shows the locations of ten NTS nuclear explosions and eight
earthquakes in the surrounding region which were recorded by the LLNL
network. It should be noted that several of the nuclear tests are nearly
coincident, and three of the earthquakes are at approximately the same location
(viz. 37.26 N 115.08 W) and appear as only two squares on the map. In
general, the earthquakes are close enough to the explosion sources, so that the
regional propagation paths to the stations would be similar, and we would not
expect significant differences in the spectra from regional phase propagation.

In our previous analyses of the western U.S. regional phase signals, we
used standard Fourier analysis techniques to obtain spectral estimates. In the
current research we have been seeking to define alternative processing
procedures which might be useful for obtaining spectral estimates on a routine
basis for a variety of regional phases. Such routine procedures could be useful
in processing the large data streams currently being collected or planned for
CTBT monitoring. The procedure which we have implemented is based on
band-pass filter analysis of the regional waveforms. In most of these analyses,
we have used a traditional band-pass filter process with fairly broad,
overlapping filter passbands (cf. Bennett et al., 1989, 1996).

Figure 10 shows the results of the bandpass filter analysis applied to the
vertical-component record at the LLNL station KNB for the NTS nuclear
explosion GORBEA. At this distance range (viz. 290 km) the initial arrival is a
relatively weak, emergent Pn phase which is followed about 5 seconds later by
a strong but complex Pg signal. There is no clear Sn on the vertical-component
record, but a strong Lg starts arriving about 35 seconds after the initial Pn. This
Lg is the strongest signal on the record and has a long duration. Also, apparent

on the record for the lowest frequency passband (viz. 0.01 - 0.1 Hz) is a long-
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.01 - 0.1 Hz
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0.1 - 1.0 Hz
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12745 (O-P)
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3.0 - 6.0 Hz
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4.0 - 8.0 Hz
525 (O-P) i
6.0 - 12. Hz
72 (O-P) N
p—

Figure 10. Traditional bandpass filter analysis of NTS explosion GORBEA
recorded at station KNB.
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period, fundamental-mode Rayleigh wave with indistinct onset arriving at about
the same time as Lg.

For comparison we show in Figure 11 the results of the same bandpass
filter analysis applied to the KNB record for the May 12, 1982 earthquake at a
distance range of 205 km. At this somewhat smaller distance range, there is
little separation between the Pp and Pg phases. There is again little evidence
of Sn; but a strong Lg signal, arriving about 25 seconds after the initial P, is the
largest regional phase on the records. At frequencies near 1 Hz, there also
appears to be a regional phase arriving after Lg and extending the signal
duration. It seems unlikely that this is Rg unless the earthquake was unusually
shallow. A more probable explanation is that non-direct propagation paths
increase the Lg duration in this complex geologic environment. In the lowest
frequency band there is again evidence of the long-period fundamental-mode
Rayleigh wave from this earthquake. -

We obtained relative spectral estimates from the band-pass filter results
by comparing the amplitudes in the various frequency bands from the filtered
output for a group velocity window corresponding to the regional phase of
interest. For the broad filters used in Figures 10 and 11, our preliminary
spectral estimation scheme is to simply measure the maximum peak motion
amplitude from the filtered output in the appropriate group velocity window and
then normalize by dividing by the maximum amplitude in the passband 0.1 - 1.0
Hz. We then plot the normalized spectral estimate at the center frequency of the
filter passband. In fact, the relative spectra represent a form of spectral ratio -
i.e. the ratio of the amplitude in a high-frequency passband to that in the low-
frequency passband (viz. 0.1 - 1.0 Hz) used to normalize the spectral
amplitudes. Thus, the relative spectra show the effect of computing the regional

phase spectral ratio in different frequency bands.
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Unfiltered
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.01 - 0.1 Hz
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6.0 - 12. Hz
940 (O-P)

25 sec

Figure 11. Traditional bandpass filter analysis of May 12, 1982 earthquake
near NTS recorded at station KNB.
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Figure 12 shows the relative spectral estimates corresponding to the Lg
signals determined using this approach for the GORBEA NTS nuclear explosion
and the 05/12/82 earthquake observed at station KNB. Focusing on the curves
with the solid symbols, we note that the Lg spectral estimates tend to fall-off
much more rapidly with increasing frequency for the nuclear explosion test than
for the earthquake. The Lg spectral estimates for the earthquake are at or near
1.0 out to a center frequency of 4.5 Hz and slowly decline above that, while the
explosion spectral estimates drop-off from 1.0 to about 0.1 at 4.5 Hz and
continue to fall to below 0.01 at 9 Hz.

We have also been considering several alternative schemes for spectral
estimation. One such scheme uses a set of narrower Gaussian filters spaced at
closer frequency intervals. In this alternative procedure, instead of simply
measuring maximum amplitude in the group velocity window, we compute a
RMS average of the amplitudes within the selected group velocity range. The
amplitudes are again normalized by dividing by the average amplitude at about
0.55 Hz to obtain the relative Lg spectral estimates which are plotted with the
hollow symbols in Figure 12. The alternative spectral estimates generally fall
below and drop-off more rapidly with frequency than the original spectral
estimates; these alternative spectra also generally appear less smooth. This
probably results because the original, broader filters tend to average over the
wider frequency band and average in more low-frequency energy in the Lg
signals. At frequencies of about 2.5 Hz and above, we see about the same
separation between the explosion and earthquake using the alternative
estimates as we found using the original spectral estimation methods.
However, at lower frequencies (below about 2 Hz) the explosion and
earthquake Lg spectra show little separation. This suggests that the differences

in the spectra that are seen at lower frequencies for the original spectral
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estimation scheme could be caused by the broad filters including some of the
higher-frequency differences. We are continuing to consider a variety of
alternative techniques for determining regional phase spectral estimates; but, in
the remainder of this report, we use the broader traditional filters to provide a
consistent comparison between the relative spectral measurement for the

events in different areas.

3.3 Application to Western U.S. Event Samples

In our initial analysis phase, we have focused on five NTS nuclear
explosion tests and five nearby earthquakes recorded by the four LLNL stations.
The epicentral distances for these nuclear tests were between 230 km and 410
km, while the distances for the earthquakes were between 180 km and 490 km.
Magnitudes for the explosions were between 4.1 mp and 5.7 mp (4.2 M[_to 5.5
ML); and magnitudes for the earthquakes were between 3.5 ML and 4.2 ML
(most earthquakes had no reported mp's). Figure 13 shows the relative Lg
spectral amplitudes, normalized to the value at 0.55 Hz (center frequency), for
the five NTS nuclear tests and five nearby earthquakes recorded at station KNB.
The relative Lg spectra are generally consistent with the behavior we saw
above in Figure 12 comparing nuclear explosion GORBEA and the 05/12/82
earthquake. We see some variability in the spectra between events within a
given source type, with the explosion scatter surprisingly appearing somewhat
greater than that for the earthquakes. Variations in the explosion Lg spectral
estimates are greatest at frequencies of 3 Hz and 4.5 Hz where they are about a
factor of seven, while the greatest variations between earthquakes is about a
factor of five at high frequencies.

Figure 14 shows a similar plot for the relative Lg spectra for five NTS

nuclear tests and five earthquakes recorded at station MNV. In this case there
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appears to be somewhat greater variability in the spectra for the earthquakes
and less separation between the source types. Whereas we saw complete
separation of source types in Figure 13 for KNB at frequencies of 3 Hz and
greater, for MNV in Figure 14 we only see complete separation at the highest
frequency (viz. the 6 - 12 Hz passband). This seems to be caused by higher
spectral levels (i.e. spectral ratios) for the explosions and lower spectral levels
for the earthquakes at MNV. This could be caused by propagation differences
for the explosions and earthquakes, but there could also be a radiation pattern

effect for the earthquakes.

3.4 Effects of Source Size on Regional Phase Spectra

it is well known that source size can affect the spectra of regional phases
(cf. Mueller and Murphy, 1971; Taylor, 1991; Chael, 1991; Walter and Priestley,
1991). In our original studies of regional phase spectral ratio discriminants (cf.
Murphy and Bennett, 1982; Bennett and Murphy, 1986), we made an effort to
select small explosions for comparison to the small earthquakes occurring near
NTS. We also found that, when we plotted Lg spectral ratios as a function of
magnitude, there was separation between the explosion and earthquake ratios
over the magnitude range where the sample overlapped; and there was no
evidence of any trend which would suggest that the measurements might
converge at higher or lower magnitudes outside that range. Seismic source
scaling (cf. Mueller and Murphy, 1971; von Seggern and Blandford, 1972;
Walter and Priestley, 1991; Bennett et al., 1995) provides a way to directly test
the expected influence of source size on regional phase spectral ratios. From
Mueller-Murphy source-scaling theory (cf. Mueller and Murphy, 1971), we can
predict that, when nuclear explosion tests are scaled from higher to lower

yields, the high-frequency content of the seismic signals is enhanced relative to
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the low-frequency content. We can then use the source-scaling theory to

compensate for differences in source size.

As noted above, the NTS explosions at the LLNL stations used in Figure
13 are somewhat larger in magnitude than the earthquakes used for
comparison. The average M| difference is about 1.24 magnitude units, and we
assumed a similar difference in mp to perform the scaling. We applied the
scaling procedures to the records for the five NTS explosions recorded at
station KNB. Ideally in scaling we would use the individual event magnitude
levels and scale to a common magnitude. In this case we used instead an
approximate method with a single scaling function corresponding to the
difference between the average magnitude of the explosions (viz. 4.92 ML) and
the average magnitude of the earthquakes (viz. 3.68 ML). After scaling down
the explosion records, we recomputed the relative regional phase spectra.

Figure 15 shows a comparison of the average Lg spectral estimates for
the events recorded at station KNB before and after the scaling. The
earthquake records are not scaled in this process, and their average values
remain the same. The average earthquake Lg spectral amplitudes in Figure 15
are at 1.0 or slightly above at low frequencies and then slowly decline to a value
near 0.3 at 9 Hz. On the other hand, the average Lg spectral amplitudes for the
unscaled NTS nuclear tests had values near 1.0 at low frequencies but rapidly
declined to a value less than 0.006 at 9 Hz. As expected, scaling the nuclear
test records to lower magnitudes increases the relative high-frequency content
in the regional signals. From 0.5 Hz to 2 Hz we see only very slight differences
in the Lg spectral estimates between the scaled and unscaled records for the
nuclear explosions. However, above 2 Hz the decline in the Lg spectra is much
slower er the scaled records to a value near 0.04 at 9 Hz. So, the large

differences between the NTS explosions and earthquakes at station KNB at
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high frequencies is reduced by about a factor of eight when the average size
difference between the events is accounted for by source scaling. However, it
should be noted that the remaining difference in the average Lg spectra
between the scaled nuclear tests and the earthquakes is still about a factor of
SiX.

We haven't carried out the comparison completely for the Lg
observations at station MNV; but we would expect the high-frequency content of
the Lg signals for the scaled NTS explosions to be boosted by only a slightly
smaller amount than at KNB, because the earthquake/explosion magnitude
difference is not quite as great. However, since the difference in the average Lg
spectral amplitudes between the earthquakes and unscaled explosions was
only about a factor of eight to start with, it seems likely that much of the Lg
spectral difference at station MNV between the earthquakes and scaled nuclear
explosions would disappear. The differences in the spectral ratio estimates
between stations suggests that discriminant measures of this type should
probably not rely on single station observations, and that procedures to
combine measurements from a network of regional stations should be
investigated further.

In Figure 16 we show the same kind of scaling exercise except for the Pg
signals at station KNB. The average Pg spectral amplitudes for the earthquakes
have values of one and above out to 3 Hz, and there is a slow decline to a vaiue
near 0.4 at 9 Hz. The original average Pg spectral amplitudes for the unscaled
NTS nuclear tests start out at low frequencies at one or above and decline more
rapidly above 1 Hz to a value near 0.03 at 9 Hz. So, there is more than a factor
of ten separation between the Pg spectra for the earthquakes near NTS and the
unscaled NTS nuclear tests. However, after applying the Mueller-Murphy

source scaling to make the NTS explosions more nearly equivalent in
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magnitude to the earthquakes, the differences in the Pg spectra are severely
reduced. The maximum difference is only about a factor of two at 9 Hz and is

very small at some frequencies.
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4. Analyses of Asian Data

4.1 Previous Findings

An early objective in regional discrimination research was to extend the
discriminant measures which worked in the western U.S. to other geographical
regions. Much of this effort focused on the former Soviet Union (cf. Bennett et
al., 1989, 1992), because of interest in the Soviet weapons testing program,
and on Scandinavia and northern Europe (cf. Baumgardt and Young, 1990;
Dysart and Pulli, 1990), because the prototype regional seismic arrays were
located there. As noted above in Section 2, most regional recordings from
Soviet nuclear tests have come from stations at far-regional distances.
Furthermore, the earthquake signals which are available for comparison come
from events which are usually not in the same area as the nuclear test sites.

Bennett et al. (1989, 1992) found evidence from Eurasian events
suggesting that Lg/P, or Smax/Pmax, amplitude ratios tended to fall-off more
rapidly with increasing frequency for Shagan River nuclear tests than for
earthquakes at comparable distances. Although this initially appeared to be
consistent with observations in the western U.S. (i.e. similar Pn spectral shapes
for explosions and earthquakes but earthquake Lg spectra richer in high
frequencies), it was found that the Lg signals at WMQ had higher corner
frequencies for explosions than for earthquakes of similar magnitude. Dysart
and Pulli (1990) found that Lg/P ratios for chemical explosions and earthquakes
in Scandinavia measured at regional array stations were similar at low
frequencies but tended to be lower for the explosions at high frequencies.
Baumgardt and Young (1990) found that Lg spectral ratios were not particularly
effective for separating Scandinavian chemical explosions and earthquakes but
that S/P ratios did seem to provide separation for some events, implying

possible differences in the regional P-wave spectra. It is unclear to what extent
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the observations from chemical explosions, such as those in Scandinavia, can
be used to infer the behavior of regional phases for other types of explosions
(viz. underground nuclear tests).

An additional factor complicating the findings cited above for Eurasia is
what influence propagation differences may have on observed behavior for the
various event types. Bennett et al. (1989) attempted to make some simple
attenuation adjustments to the Lg spectral shapes based on Q models for
Shagan River and Central Asia to compensate for path differences between the
explosions and earthquakes recorded at station WMQ. Characteristics of
regional phase propagation in Eurasia have been investigated by several
authors (e.g. Nersesov and Rautian, 1964; Piwinskii and Springer, 1978; Nuttli,
1981; Kadinsky-Cade et al., 1981; Jih and Lynnes, 1992) and attenuation
models have been identified for various phases, particularly for Lg, throughout
much of Asia (cf. Xie and Mitchell, 1990). In the course of this research project,
we have reviewed much of the published literature on regional phase signal
propagation in Eurasia. It remains to define models for all regional phases of
potential interest and to routinely apply propagation adjustments based on the
attenuation models to determine the implications of such adjustments to various
regional discriminant measures, and in particular to spectral ratio discriminants.
As this research progresses we will draw upon results from the prior studies to
adjust the procedures and measurements for propagation and thereby assess

regional discriminant transportability.

4.2 Application of Analysis Techniques to WMQ Records
One of the nearest seismic stations to the former Soviet test site in East
Kazakhstan for which we have good regional signals from a fairly large sample

of events is the CDSN station WMQ. As part of the current research effort, we
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have systematically applied the same spectral analysis techniques to several
events from the WMQ data sample. Figure 17 shows the locations of five
Shagan River nuclear tests and five earthquakes at about the same epicentral
distance for which we obtained good regional signals at WMQ. As noted
earlier, the earthquake records used for comparison come from events in
somewhat different source areas and azimuths because the area surrounding
the Shagan River test site has a low level of natural seismicity and has
produced no earthquakes of comparable size to the nuclear tests there. We
followed exactly the same procedures as described above in Section 3 to
determine regional phase spectral amplitude estimates. The same set of
bandpass filters was applied to the vertical component records, and the
amplitudes were measured in the appropriate regional phase group velocity
windows. The relative spectral amplitudes were then determined by taking the
ratio of the measured amplitude to the amplitude measured in the same group
velocity window for the passband from 0.1 Hz to 1 Hz.

Figure 18 shows the relative Lg spectral amplitude measured at WMQ for
five Shagan River explosions. The spectra for all the explosions are tightly
clustered and show nearly the same dependence on frequency. The spectra
have maximum values near one at frequencies of 0.55 Hz and 1.25 Hz, and
then show a rapid decline above 1.25 Hz. The spectra reach low values less
than 0.005 at a frequency of 9 Hz. In analyzing these signals, we experimented
a little with alternative group velocity bounds on the group velocity window in
which the maximum amplitudes were picked for the Lg phase. In Figure 18 we
used a traditional Lg group-velocity window extending from 3.6 km/sec to 3.0
km/sec for our spectral amplitude measurements. We also considered a group
velocity window from 4.6 km/sec to 3.0 km/sec for the spectral measurements;

this window would include more regional S phases including Sp prior to Lg.
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The relative spectral amplitudes for this longer window are shown in Figure 19.
The scatter appears to be about the same and amplitudes again have maximum
values near one at 0.55 Hz and 1.25 Hz and rapidly decline above 1.25 Hz.
However, the decline toward higher frequencies is less rapid than for the
shorter group velocity window. This difference appears to be related to
including Sn and related high-frequency S phases which arrive with higher
group velocities. '

Figures 20 and 21 show the Lg spectral estimates for the two group
velocity windows for five earthquakes recorded at WMQ at about the same
epicentral distance as the Shagan River nuclear tests. The spectra for the
earthquakes appear to show considerably more scatter between events, and
the spectral differences appear to be dependent to some extent on propagation
path. The three events west-southwest of WMQ (cf. Figure 16) show similar Lg
spectral behavior, and the two events south of WMQ show similar behavior. For
the events west-southwest of WMQ, the Lg spectral estimates show a gradual
decline from maximum values of one near 0.55 Hz and 1.25 Hz to low values
near 0.01 at 9 Hz. The two events from the south have Lg spectra which decline
very rapidly over the interval 0.1 Hz to 3 Hz and then level off above that to
values between 0.01 and 0.02 at high frequencies. The alternative group
velocity windows don't seem to make much of a difference with regard to either
spectral shape or scatter between events for these earthquakes; the
propagation path appears to be a much stronger influence.

In Figure 22 we compare the average Lg spectral estimates observed at
WMQ for the five Shagan River nuclear tests with the average spectra for the
three earthquakes to the south-southwest and for the two earthquakes to the
south at about the same distance. The average Lg spectral estimates for the

earthquakes south-southwest of WMQ match closely the average explosion
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spectrum out to 6 Hz and then diverge and lie above the explosion spectrum by
a factor of four at 9 Hz. The average Lg spectrum for the earthquakes south of
WMQ lies well below (by as much as a factor of seven) the explosion spectrum
over the frequency interval from 1.25 Hz to 4.5 Hz, but crosses and lies above
the explosion spectrum by about a factor of three at 9 Hz.

Another factor which we have not explicitly accounted for in these
comparisons for WMQ is the magnitude differences between the nuclear tests
and the earthquakes. The average magnitude for the five nuclear tests which
we analyzed from WMQ is 5.28 mp, and the average for the five earthquakes is
4.26 mp. As we saw above in Section 3, if the explosions are scaled down to
the same magnitudes as the earthquakes, we would expect a significant
increase in the high-frequency spectral amplitudes relative to low-frequency
amplitudes for the explosions. Thus, when appropriately scaled, the relative Lg
spectra for the nuclear explosions at WMQ should be richer in high frequencies
than similar spectra for earthquakes recorded there at the same epicentral
distance. This observation needs careful study with additional events because
it implies that the behavior for the Lg spectra for these Asian explosions and

earthquakes is quite different from that for western U.S. events.

4.3 Application of Analyses to New Data from Soviet PNE's

As noted above in Section 2, a database of regional recordings which
recently became available for Asian nuclear explosions are the recordings at
the Borovoye station (BRV) for Soviet PNE's. Although the epicentral distances
to the events in this database cover a wide range (cf. Murphy et al., 1996), many
of the event distances are far regional. We have focused our consideration of
these data on the nearest PNE's to BRV. Figure 23 shows the locations of

seven PNE explosions within 1000 km of BRV. One of the PNE's was fairly
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close to BRV at a range of 311 km, while the other six events were at ranges
from 801 km to 989 km. The region depicted is not known to contain major
tectonic boundaries and is regarded as a stable continental platform region.

We applied the same bandpass filter analysis to the vertical-component
records at station BRV from the PNE explosions. Figures 24 and 25 show
examples of the bandpass filter results for a PNE to the north of BRV at a range
of 980 km and another PNE to the south of BRV at a range of 925 km. Both
records show clear initial P phases which become relatively more prominent in
the higher frequency bands. These P signals appear fairly complex and have
rather long duration; they are assumed to represent P-wave signals
propagating in the upper mantle lid. At a somewhat later time (roughly 40
seconds after the initial P), another strong arrival is apparent on the record for
the PNE to the north of BRV, but not on the record from the southern PNE. This
phase is most prominent at frequencies from about 0.5 Hz to 3 Hz and arrives at
a group velocity normally associated with Pg. The absence of this phase on the
record for the southern PNE suggests some kind of propagation anomaly and
the need for careful consideration of propagation influences on regional
signals. Approximately 100 seconds after the initial P, a strong Sn phase is
apparent. This signal is strongest from the event to the north of BRV and
appears more emergent from the event to the south, which again appears to
indicate some propagation difference. Lg is not prominent for the southern
event where it arrives about 150 seconds after the initial P and is apparent
mainly at lower frequencies (viz. 1 Hz to 3 Hz). Lg for the event north of BRV
has no clear initial arrival but appears rather as a coda phase which is again
more prominent in the lower frequency bands.

We again used the band-pass filter results to obtain relative spectral

amplitude estimates for the regional phases. Figure 26 shows Lg spectral
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Figure 24. Traditional bandpass filter analysis of Soviet PNE explosion of
December 10, 1980 recorded at station BRV (R = 980 km).
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Figure 25. Traditional bandpass filter analysis of Soviet PNE explosion of
October 26, 1980 recorded at station BRV (R = 925 km).
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amplitudes measured in a group velocity window from 3.6 km/sec to 3.0 km/sec
for five of the PNE's in Figure 23 recorded at BRV. The Lg spectrum for the
explosion nearest to the station (viz. 08/28/73 PNE) is clearly different from the
rest as it contains relatively more high-frequency than the other four events.
This is probably related to proximity (R = 311 km) of that event to the recording
station with relatively low attenuation compared to the other four events which
are located at larger epicentral distances (from 801 km to 979 km). The Lg
spectral amplitudes in Figure 26 for the five PNE's reach their maximum values
between 0.5 Hz and 2 Hz and then fall-off by factors between five and twenty
toward high frequencies.

The Lg spectra in Figure 26 show considerable variability between
events. Even if we consider only the spectra for the four events at about the
same epicentral distance, we see differences which amount to only about a
factor of two at frequencies less than 3 Hz but are up to a factor of four or more
at higher frequencies. The instrument response at station BRV has varied
somewhat with time. Because the events cover a time period of more than a
decade, we thought that such instrument response changes could be a source
for some of the observed variability between the spectral estimates. To account
for this factor, we applied an approximate correction to the spectral amplitude
estimates by dividing by the instrument gain at the filter center frequency for
each filter. Figure 27 shows the relative Lg spectral estimates after applying this
instrument response correction. Although the corrected spectral shapes are
different than those seen in the previous figure, the correction to ground motion
seems to have done little to reduce the variation between events. The revised
Lg spectral estimates show a decline from maximum values near 0.55 Hz. The
decline is rather slow for the near event but quite rapid for the four more distant

PNE's. Although the Lg spectral estimates for the four distant events appear
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fairly consistent at frequencies up to about 3 Hz, above 3 Hz the observations
tend to diverge. At the high frequencies the Lg spectral estimates for the two
events north of BRV (viz. 06/18/85 and 12/10/80 PNE's) tend to have values a
factor of two to four larger than those for the events to the south (viz. 09/19/73
PNE) and to the west (viz. 10/26/73 PNE). Since these differences in the Lg
spectra at high frequencies do not appear to be related to the instrument
response -variations at BRV, it seems most likely that they are associated with
either Lg propagation variation in the region surrounding BRV or possibly
differences in the source excitation between events. In our continuing research
we will investigate further these factors for the PNE's observed at BRV as well

as for the events in other source regions.
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5. Summary and Conclusions

5.1 Review of Procedures

We have reviewed the available regional seismic data from digital
stations for underground nuclear explosion tests and comparable earthquakes.
From the available data we have selected a representative sample of regional
waveforms for events from the western U.S. and Eurasia. The selected
waveforms for western U.S. explosions at NTS come from several different
stations and cover epicentral distances from 220 km to 1450 km, and the
comparable earthquakes are at distances from 160 km to 1670 km. The
western U.S. events have magnitudes between 2.9 mp and 6.2 mp. The
Eurasian nuclear explosions in the database come from three regular test sites
(viz. Shagan River in East Kazakhstan, Novaya Zemlya in Russia, and Lop Nor
in western China) and PNE explosions throughout the former Soviet Union.
The regional stations currently in the database for the Eurasian events include
several digital stations from within the former Soviet Union, selected CDSN
stations in China, and the northern European/Scandinavian regional array
stations. The selected waveforms for the Eurasian nuclear explosions cover
epicentral distances from 310 km to 4030 km, and the comparable earthquakes
are at distances from 130 km to 4220 km. The Eurasian events have
magnitudes between 3.8 mp and 6.4 mp.

Our objective in this research is to use these data to investigate the
transportability of regional phase spectral ratio discriminants. In particular, we
have been attempting to identify algorithms for measuring regional phase
spectral ratios which can be easily applied to a variety of regional phases and
which will provide an effective discriminant measure in a variety of different
source/propagation environments. Our studies have focused mainly on

utilization of some alternative bandpass filtering schemes to extract spectral
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estimates from the regional phases. In addition, we have been analyzing
transportability and measurement issues associated with source size and
attenuation. For the former we have used theoretical source scaling procedures
to compare relative spectral ratios for nuclear explosions and earthquakes of
equivalent magnitudes and to investigate how such source size differences
might affect the spectral ratio measurements. With regard to regional phase
attenuation, we have conducted work to identify published reports on regional
phase propagation in many different regions, and we are working toward
models to account for the effects of attenuation differences on various regional

phases.

5.2 Summary of Main Findings

Although this research program has not yet evolved to the stage where
we can provide final conclusions and procedures for transporting regional
phase spectral ratio discriminant measures, several of the observations
described in previous sections appear to lead to conclusions which impact on
transportability of potential regional phase discriminants and, in particular, on
spectral ratio discriminants. First, the original Lg spectral discriminant was
based on observations at nearer regional distances from events in the western
U.S. Most regional observations from Eurasian nuclear explosions are at
considerably farther distances, so regional phase spectral shapes are not
directly comparable. Second, spectral estimates derived from bandpass filters
show regional phase spectral differences between NTS nuclear tests and
nearby earthquakes similar to those seen in previous investigations; the
broader filters tend to be smoother and show the differences between source
types at lower frequencies probably because they tend to average in energy

from higher-frequency bands. Third, the original Lg spectral ratio discriminant
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was based on comparisons of NTS nuclear explosions and earthquakes from
the surrounding area; and most of the nuclear explosions have larger
magnitudes than the earthquakes near NTS which are available for
comparison. Scaling the explosions down to be equivalent to the earthquakes
tends to reduce, but not eliminate, Lg spectral differences between the source
types which have been observed at some regional stations. Observed regional
P spectral differences tend to be smaller and may be eliminated when the
events are scaled. Fourth, differences in Lg/P ratios as a function of frequency
for Eurasian nuclear explosions and earthquakes implies differences in
individual regional phase spectra, but we do not see Lg spectral behavior in the
far-regional Eurasian observations like that in the western U.S. In fact, after
scaling to similar magnitude levels, the Lg spectra for Eurasian nuclear tests
would probably show the opposite tendency - i.e. Lg for the scalednuclear tests
relatively richer in high frequencies than for earthquakes. Attenuation
differences for the propagation paths from the explosion and earthquake source
areas could be the cause, but this result could also imply a fundamental
difference in the way Lg is generated by explosions in the two different source
environments, which would certainly affect discriminant transportability between

the regions.

5.3 Plans for Future Work

Several issues remain to be resolved to bring this research program to
successful conclusion. Two of the most critical elements are (1) deciding on the
algorithm to use for determining the spectral ratio measurements from the signal
waveforms and (2) defining the procedure to correct for signal attenuation in
different regions. In our initial work we have tried a few alternative spectral

estimation schemes; we plan to test one or two additional variations and
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compare results with Fourier spectral estimates. With regard to attenuation we
plan to rely primarily on published results from previous studies for defining a
frequency-dependent correction for each region which will normalize the
spectrum to a fixed distance range. Q models to describe Lg attenuation are
currently available for many different regions of the world, and we have
coliected much of this information already; but descriptions of regional P-wave
propagation may be more problematic. We will seek to identify published
results or analyze the signals available in the regional database to help resolve
the P-wave attenuation. Another element which needs further attention is
instrument response; such corrections have not always been necessary in our
prior analyses because we have been comparing observations from common or
similar recording instruments. As we attempt to make the measurement and
procedures more general, corrections to the spectral measurements for the
instrument will be determined and applied using know instrument response
characteristics for the recording systems. Finally, some of our preliminary
results seem to suggest that Lg signal excitation from explosion sources may
vary between regions; this is potentially very important to the concept of
transportability. We will seek to resoive this issue with additional empirical
studies and drawing upon findings from theoretical investigations of the relative
excitation of regional phases in different source environments which are being

conducted under a separate project.
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