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ABSTRACT

*. regional event discriminant is being developed and tested based on the
waveform of high frequency P,. The data base being used in the development
consists of signals from explosions and earthquakes recorded on the
western U.S. digital network. This net consists of the four LLNL stations
MNV, KNB, ELK and LAC; the two DWWSSN {tations ALQ and JAS and the two
university run stations PFO and PAS. ‘It has been discovered that at
most stations the waveform of P, onset is remarkably stable and different
from the corresponding waveforms from earthquakes. A forward modeling
study of broad band explosion P, 's revealed that the distinctive character
of their waveform is caused by a strong pP, arrival.- Depth phases from
earthquakes arrive much later in the signal. It was found that a clear
effective pP, arrival was present in all cases. However, it consistently
arrives later than the predicted elastic time. For Pahute events, the
amplitude of effective pP is close to the elastic predictions. For Yucca
Valley, it is consistently larger indicating the effect of a site dependent
nonlinear process in the source region. An appropriate value of t* for
P, appears to be in the range of 0.1 to 0.2 seconds. The frequency
content of the explosion P, energy indicates that it is caused by turning
ravs in the 1id gradient rather than true head waves traveling on the
crust mantle interface. The discrimination capacity of the <Pn wavetorm
was measured quantitatively by correlating the average explosior. P, trace
with a data base of explosion and earthquake signals. The populations
separated to a significant level down to magnitudes less than 4.0. It
was found that the average explosion waveform from one station could be
used to discriminate data from a different station establishing that the
P, waveform discriminant is transportable.
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INTRODUCTION

#igh frequency regional data appears to be among the most unstable and
difficult to characterize in seismology. For this reason, most of the attempts
to solve the regional discrimination problem have been based on highly empirical
approaches. Ratios of phase amplitudes in either the time or frequency domain
have been tested to find whether they are systematically different for earthquakes
and explosions. Recently, Taylor et al. (1988) have demonstrated an impressive
capability for event discrimination using spectral ratios of Lg. In essence,
:hey demonstrated that regional signals from explosions are systematically lower
in frequency content than earthquakes. This confirms an earlier result of Murphy
and Bennect (1%982). Though development of this discriminant represents a
significant advance, there remain important questions of the transportability
of the method. The reason 1s that a deterministic model for the change of
spectral behavior between earthquake and explosion sources is not available.
There is no evidence in teleseismic data that explosion sources have a different
spectral decay rate than earthquakes. Most investigators assume that both sources
fall off as £°2, though Burger et al. (1987) have shown that this is not necessarily
true. Studies which have indicated that explosions are actually enriched in
high frequency with respect to earthquakes include those of Savino et al. (1980),
Everendon et al. (1986) and von Seggern and Rivers (1979). Thus, if the spectral
discriminant works consistently on Lg in the western United States, it must be
related to phenomena associated with Lg propagation there. We can not rely on
the same processes to occur in a consistent fashion in other regions.

To avoid such difficulties in transporting discriminants to new tectonic
and seismic reecimes, it will be necessary to develop discriminants based on a
sound understanding of the physical processes which underlie them. This knowledge

will permit an assessment of whether and how the discriminant should be modified




for other areas. The investigations discussed here are directed at establishing
what the most stable portions of the regional P wave signal are, and if they
can be modeled in a deterministic fashion. Specifically, we will discuss
ohservations of NTS nuclear events at stations in the western U.S. digital
network. We have used arrays of events to form seismic seciions at each station
and examined them for stable arrivals. Most of the P, and P, wave trains exhibit
a low level of coherence. However, we have found that the very onset of P, is
remarkably stable at high frequency and that it has a character strongly influenced
by free surface phases. Since free surface phases occur later for earthquakes
than explosions, it is possible to develop a discriminant based on P, onset.
Because the physics behind the discriminant is straightforward, transporting the
technique to other regions should not pose a significant problem.

For the purposes of this discussion, we will define the westernU. S. digital
array as including the four LLNL stations MNV, KNB, LAC and ELK; the two DWWSSN
stations ALQ and JAS and the Caltech and UCSD stations, PAS and PFO. 1In the
following report, we will discuss the seismic sections of the regional P wave
train we have assembled for each station to date. We will compare the relative
coherency of P, and P,, and determine the average P, onset waveform by stacking.
We will identify stations with complex receiver functions and those being affected
by complex structure in the lithosphere. This structure explains some of the
instability of the ratio of the amplitude of the P, and P, arrivals. We will
then present modeling studies of the observed P, onset waveforms which delineate
the effects of pP. We will also model some of the clear effects of source
scaling. Finally, we will demonstrate how P, onset can be used to discriminate

erxplosions from earthquakes.




THE WESTERN U.S. DIGITAL ARRAY

The short period instruments at the two DWWSSN stations are relatively band
limited in that they are designed to mimic the short period Benioffs of the old
WSSN. The rest of the stations have modern broad band instruments. To make
the following comparisons uniform, we have converted all of the data to the short
period WWSSN response. In later sections, we will consider deconvolved broad
band data. Figure 1 is a map displaying the stations of the digital array as
they distribute about NTS. Azimuthal coverage is relatively good, and stations
LaC and PFO are almost exactly aligned with NTS. Shown as circles are the
locations of earthquakes we have used for discrimination studies. The closest
station is MNV at a range of 195 km to the nearest NTS events and the farthest
is AlQ at 890 km. The other stations are at about 325 to 375 km in range on
average.

MNV The first station in the array we wish to discuss is Mina, Nevada. As shown
in Figure 1, it is located northwest of the test site. Figure 2 shows the
vertical component observations of 4 Pahute events at that station. In this and
all of the following, seismic sections are shown reduced to the apparent velocity

of P_;

n; that is the arrival time is selected manually and a ten second leader is

added to it. The P, barely emerges from the front of the P,, but it has a stable
form which we will show in the following to be very significant. This shape can
be seen most clearly in the bottom trace. The P, arrival has a small upswing
first which we will refer to as the "a" swing. This is followed by a strong "b"
swing downward and a structured "c" swing upward. The "c¢" swing exhibits a
double shoulder or splitting. In the following, we will show that this feature

is caused by the arrival of pP,.
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of this study.

1.

The western United States digital array as defined for the purposes

MNV, KNB, LAC and ELK are LINL stations. ALQ and JAS are
DWWSSN stations and PAS and PFO are university run stations. The open circles
are the locations of earthquakes in the discrimination data base.




PAHUTE EVENTS AT MNV
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Figure 2. A seismic section of four Pahute explosions observed at MNV. The
P. is the small signal consisting of only 3 or 4 swings ahead of the much

n
larger P,. The P, waveform is stable whereas no portion of the P, is.




The P, arrival is as unstable ir character as most high frequency regional
signals usually are. There may be some periodic sequence of pulses contributing
to the upper traces which coul! be caused by crustal resonance phases. In a
previous report, we associated such phases with successive reverberations of
energy in the crustal wave guide (Burdick et al., 1988). At any rate, it is
clear that there is no feature in the regional P wave signal as stable as the
shape of the P wave onset. It is important to note here that the relative
amplitude of P, to P is about 5 to 1 for the purposes of the following discussion.

Figure 3 shows a comparable se:tion of signals from Yucca Valley events.
The Pahwute events are at an average of avout 200 km in range, and the Yucca
events are at about 231 km. Thus we see some significant P, move out from P,.

The splitting of the ¢ swing 1s apparent in all traces, particularly the bottom

ones. The top two traces show a very deep spiit, but given that this is high
frequency data the shape of P, onset is very stable. The P, shows no stable
features in this format. No separate phases can be discerned moving through the
section except for a crustal S wave at the very back. It is interesting to note
that much more S is generated at Yucca Valley than at Pahute Mesa. Presumably,
this is due to the stronger scattering at Yucca Valley.

We now begin to illustrate how the steble character of P, onset can be used
to develop a discrimination algorithm. The first step involves measuring the
average P, waveshape. To accomplish this we simply stack 4 to 6 observations
for each station and test site This process is illustrated for MNV and Yucca
Vallev events in Figure 4. We particularly select records which show the split
swing clearly since this feature is caused by pP, and we wish to design our
discriminant to detect it. It is interesting to note the stability of the feature

with respect to event size. The largest event on top is more than 2 full magnitude

units larger than the <mallest, yet the difference in the character ot the "c¢"
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YUCCA EVENTS AT MNV

QZ 00’1§Z 00'9%2 00°SZ¢

(WM) 39NuY

00 "e¥Z 00'0!3 UO'L%; 00 'Y

. |

j

00 Zse 00 6% 00 g%

Figure 3. A seismic s2ction of ten Yucca Valley explosions observed at MNV.
The P, wave has moved farther ahead of P, than in the Pahute records in Figure
2. The P, waveform 1s still the most stable portion of the P coda.
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swing is minimal. The source scaling effect is obvious in that the smallest
event is shorter in period than the largest. It is also worth noting that all
events shown are deep, so the effect of burial depth on pP character 1is not
apparent. We have developed average P, waveforms like the one at the bottom of
Figure 4 for all stations and test sites where it seemed appropriate, but we
will not present the details of the averaging on a station by station basis.
We will summarize the results at the end of this section.

KNB8 All of the data collected and analyzed so far are shown in seismic sections
in Appendix 1. We will discuss these sections gualitatively for the next several
stations to make a few key points. The first station will be Kanab, Utah. At
this site the structure of the P, onset for Pahute events strongly resembles that
obtained in Figure 4 by averaging the MNV signals. The P, signals are, on the
other hand, completely different between the two stations. At KNB, the P, appears
to be dominated by a single pulse. At MNV there appeared to be several pulses
for Pahute sources (see Figure 2). The physics of P, propagation has changed in
a major wav in the two different azimuths. It will therefore be difficult to
develop a model to explain how a discriminant based on P, is working, and its
transportability will be difficult to establish. Again there are no other phases
visible in the section except P, and P,. Note that the ratio of the two phases
is again about 5 to 1.

The instahility in P, between signals from Yucca Flat and Pahute is even
more remarkable than that between MNV and KNB. There is a great increase in the
corplexity of P, though the path differences for the two test sites are small.
The most logical explanation {s that strong scattering near the source is causing
this difference. Tt i3 difficult to understand how such a strong effect would
1ot interfere with spectral discriminationusing P,. The average P onset maintains

ire w ahle form and the ratio of Py to Py remains the same.




JAS In our earlier report, where we first described and characterized the onset

of P,, we worked with data from the DWWSSN stations Albuquerque and Jamestown.

o
We showed that the split third swing was 2 very common observation at JAS and
that the average waveform was very much like the one shown in Figure 4. The
scattering of P, is very strong for both test sites and the amplitude ratio of
the two phases is 5 to 1.

ALQ The remainder of this section deals with stations at which interpretation
of P, waveforms is somewhat more problematical. At ALQ and ELK, the receiver
structure seems to complicate the waveform slightly. At ALQ, the first swing
of the waveform is consistently much more emergent than at other stations. Other
than that, the waveshape is fairly consistent with those at other stations in
the digital network. Figure 5 shows six observed signals from Yucca Flat events
with varving depth. The feature associated with pP is indicated by arrows. Its
timing with respect to the first energy is comparable to that observed at other
stations, but the overall waveform is somewhat different. The depth depenrdence
of the splitting feature is clear supporting the premise that it is related to
the free surface interaction. The level of scattering of P, is different between
Yucca Flat and Pahute Mesa again being stronger for the former site. The amplitude
ratio i1s comparable to that at other stations.

ELK The situation at Elko, Nevada is much like that at Albuquerque. The receiver
function is somewhat complicated, but the physics of the wave propagation seems
consistent with other sites. Figure 6 shows a representative set of waveforms

with arrows indicating a feature that might be associated with pP. This type

of variation of waveform due to receiver structure is not unexpected given that
this i« auch high freguency data. At teleseismic (30° - 90°) ranges, short period
WWESN P waves have a relalivelw conctant schape except at a small number of




YUCCA to ALQ or ANMO
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Figure 5. Observed P, signals from Yucca Valley events at DWWSSN station ALQ.
The split "c" swing 1is interpreted as the effect of pP,. As events get
larger, the Iincrease in the duration of the source function washes out the p?P
effect.
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P, at ELKO
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Figure 6. Observed P, signals at ELK. The waveform shows additional
complexity at the beginning. A feature which seems event depth dependent and
might be associated with pP, is indicated by arrows.
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stations with complex receiver structures. Such variations can be removed by
relative waveform analysis techniques (Burger et al., 1987). The other aspects
of the regional P wave train at ELK remain constant.

PAS The reason that special note has been made in the preceding discussion of
the ratio of P, to P, is that it varies markedly at stations to the south of NTS.
The map in Figure 1 shows that these are at Landers, Pasadena and Pinyon Flat
California. The latter two have only recently been upgraded to broad band digital
stations with state-of-the-art Streckeisen instruments. Because they are rel-
atively new, the available data from them are limited. At PAS, the waveform of
P. onset is not greatly different than at most stations in the digital network.
Figure 7 shows the averaging of three waveforms to sum to &« final result much
like that in Figure 2 for MNV. However, there is a marked change in the relative
amplitude of P, at PAS as shown in Figure 8. On the top, are shown three regional
P signals from Yucca events at JAS. It is illustrated in the appendix that these
are signals typical cf those from every station discussed to this point in terms
of the P, to P, ratio. The bottom three traces are typical of those observed at
PAS. The ratio has decreased from 5 to 1 to less than 2 to 1. The seismic
sections in the appendix show clearly that PAS is different in this regard for
both Pahute and Yucca Flat events. The reason is that the P, is being amplified
by a rapid velocity increase or discontinuity in the 1lid.

LAC The station at PAS is intermediate in range between LAC and PFO and is
apparently located in the middle of the triplication. LAC is at the beginning.
The events closest to LAC at a range of about 295 km have a normal P,. P,
waveforms from several events are compared at stations MNV and LAC in Figure 9.
The correspondence between waveforms is very strong indicating a simple and

deterministic type of wave propagation. The scaling of frequency content with

event size is very consistent between the two stations. At slightly greater

13




Average P, at PAS

ALAMO
mb = 5.7

COMSTOCK
mb = 5.4

KEARSARGE

1

2 sec

SUM

===

Figure 7. The average P, waveform at PAS. The "c" swing is consistently
split even though the P, is being amplified due to a triplication.
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Figure 8. Amplification of P, with respect to P, at PAS. At JAS and all other
stations not to the south of NTS, the ratio of t%e phases is about 5 to 1. At
PAS and other southern stations it is less than 2 to 1.

15




LAC

JORNADA

BOUSCHET

TENAJA

10 sec

SABADO

====
==

MNV

=
——

Figure 9. A comparison of P, waveforms for common e¢vents at MNV and LAC.

At

these ranges the triplication has not begun to have an effect and the

waveshapes are very similar.




ranges, the triplication clearly emerges, however, as shown in Figure 10. By
about 315 km, a clear precursor has emerged ahead of a strong second arrival.
The section in the appendix shows that P, grows systematically with respect to
P, though not quite to the levels it reaches at PAS farther into the triplication.
PFO As shown in the final sections in the appendix, the data available from
Pinyon flat is very limited. The waveform of the P, is relatively complicated,
and the P, to P, ratio decreases with range. We interpret this as the end of the
triplication. PFO may also have a complex receiver function, but resolving
turning point from near receiver structural effects is beyond the scope of this
investigation.

To quantify the P, amplification effect, we have measured the P, to P,
anplitude ratio on a set of the available records from the California stations.
The P, amplitude is defined as the RMS value within 5 s after the first arrival.
The P, amplitude is defined as the RMS value within 20 s after the arrival time
of PmP as predicted by the Helmberger and Engen (1980) crustal model. This model
appears from experience to be a good predicter of P, onset. Since it has been
made clear that the behavior of P, varies between the Pahute Mesa and Yucca Flat
test sites, it would be best to deal with data from only one site. More data
are available from the Yucca Flat site, so at LAC, and PAS we have used data
from only that site. Very little data are available from either site at PFO.
Therefore, we used data from both test sites at this station. The resulting
amplitude ratios are plotted as a function of distance in Figure 11. Certain
features of the behavior are very clear, such as the relative amplification of
P, at PAS and PFO. The upward trend at LAC and downward trend at PFO are more

questionable but are suggested by dashed lines in the figure.
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Figure 10. Development of the triplication with range at LAC. At the close
ranges, the first energy is the largest and the P, waveform is similar to that
at most stations. At greater ranges, a large second arrival develops and
moves toward the front of the record.
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Results of the P, Averaging Despite the preceding discussion of some of the
complexities of P, propagation in rhe western U. S., we believe that the importance
of the phase is its stability and simplicity in most areas. Triplication;: due

to structure in the lid are not a universal of the earth feature or they w»huld

n

have been noticed 'ong before The existecnce of one in this region is probably
related to the intense tectonics of southern California. Such phenomena are
less likely to occur in stable continent. We expect that there will always be
some stations with conmplex receiver structures such as ELK, but if the dis-
crimination procedure is based on observations from an array of stations this
difficulty can be overcome.

The tes*s at Pahute Mesa are on average larger than those from Yucca Flat.
structre there also aprears to be simpler and the scattering less intense.
[he (1 eftoct seams  In genera! to appear morve consistently and more clearly for

[

Pehite overnos Fipure 12 sbows the average P for 5 stations in the digita!
e’ wory . the splicting o the "¢" swing is Indicated by arrows. The only

stations ir the digital networe tor which we do not show a result are EIK, LAC

and PFU The former has o cowple receiver structure, and the latter two are
aftored by the rriptication.  Figure 1t siows similar averaging results for 7
Siat g ALl of the disital siaticns cuacent ELE and PFO are represented We
bBoore ahraine rhe vestilr tap T4 by oavervaring silpnals at ranges prior to the
Poorinntog ot che tyivticarnon Woeosle shew perilte frean two analog stations,
[ RETE R B SN A we Ao s b e ey pre sior s report ) we hand dipgitized the data
Yran stoo cratiers a0 e raeed Te the came way Tiven the stability of
St e frn s I b v e o woald have 1o onncelude that we are seeing

movafec e ion of s oot et rvorerte of explosion sources.  wWe will
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Figure 12. The average P, waveform for Pahute events observed at stations in
the western U.S. digital net. The split third swing is indicated by arrows.
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Figure 13,
the western U.S. digital net.

The average P, waveform for Yucca events observed at stations in

The split third swing is indicated by arrows,
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MODELING OF THE WAVEFORMS
In the preceding discussion, we have dealt with signals with a uniform WWSSN
short period response. In the modeling studies to be presented next, we will
work with two of the LLNL stations where the pP effect is very clear. We will
take advantage of the very broad band response of the LLNL instruments and
deconvolve the instrument response cut. We will work with actual ground velocity
traces and show that the effect of pP is simple and straightforward to understand.
The theoretical instrument response function for the LLNL stations was

developed and presented by Vergino et al. (1986). They also discussed the
rrocedure for deconvolving the response out to generate true ground velocity.
(In this instance, deconvolution simply implies inverse convolution whereas it
has beesn used in other cases to imply more complex procedures.) With the
instrument eoffect removed, we can represent an observed velocity trace V(t) in
the standard synthetic body wave decomposition as

V(t) = S(t) * G(r) * Q(t)
wrhere S is the source, G is the elastic response of the earth and Q is a correction
for anelasticity. The * represents convolution. For the purposes of this
discussion it is convenient to further decompose the elastic response G(t) into

G(t) = Gy(t) * G (&) * G (t)
These three subresponses represent the effect of structure near the source,
turning point and receiver respectively. Such a decomposition is justified for
short “imes near the first arrival. G,(t) contains the effects of the free
surface and near source crust. G,{(t) contains the effects of structure near the
turning point if any or the effect of the ray turning process {tself. At complex
receiver sites such as ELK, G,(t) would have a major effect. In the following,
we shall model data from the simple sites at MNV and KNB. We will neglect the

effi-rw of this last operator. FEach of the operators in this general decomposition




have been studied and characterized extensively in the past but apparently not
using the regional P, waveform. The data set assembled in this study presents
a unique opportunity to do so.

The most recent work on the nuclear explosion source function S(t) by Murphy
(1988) indicates that it can be well approximated by the Mueller Murphy repre-
sentation for Pahute wet tuff for all test sites providing the events are well
coupled and below the water table. There is a need for further testing, however,
of both whether the functional form of the Mueller Murphy source is appropriate
and whether the yield scaling is supported by the data. The common assumption
regarding G,(t) is that it can be represented at short times by a step function.
This corresponds to the standard wave front expansion from ray theory for a head
wave (Aki and Richards, 1980). In the following, we will explore the possibility
that it might be better represented by a delta function. In terms of the same
wave front expansion theory, this would correspond to the P, onset actually being
energy turning in the lid. That is to say that rather than velocity being
constant beneath the Moho it increases gradually with depth. Forward calculations
show that even a weak gradient will cause the turning point response to evolve
into a delte function rather than a step function veiy quickly. The question
of how strong the correction for attenuarion should be has been debated for many
years for both teleseismic and regional P waves (Burger et al., 1987). It has
generally been observed that both P, and S, follow a relatively high Q path.

In the following, we will present accurately computed synthetics for realistic
crustal structures and compare them to observations. However, we vegin with a
wirple schematic calculation to illustrate the features of most importance in
the data and the synthetics. Figure 14 shows this calculation. The top trace
is the Mueller Murphy source tunction for velocity assuming a turning ray. It

has been convolved with a Futterman operator with a t* level set at 0.1 s. If
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Figure 14. A simplified synthetic calculation indicating the expected effect
of elastic pP, on the ground velocity trace. It lengthens the downswing and
adds a second upswing. An observed trace from MNV is shown at the bottom.
The features associated with P and pP in the data are indicated by arrows.




a head wave model for P, is assumed this pulse would simply be integrated. The
second trace represents elastic pP,. It is reversed in sign, delayed and reduced
in amplitude. In this simplified calculation, the resulting synthetic in the
thira row is just the sum of the first two traces. The direct P, results 1in
first an upswing and then a downswing. The pP, results in the opposite. The
effect of pP, is to cause a shoulder in the P, and to extend its duration. The
observed P, ground velocity from Yucca flat event JORNADA is shown at the bottom.
The features associated with the direct and pP arrivals are indicated by arrows.

The calculation shown in Figure 14 is highly approximate in that the delay
time and relative amplitude of pP_ A have been set arbitrarily. These values along
with the effects of crustal structure should be computed from an accurate model
of the NTS crust. In the following, we compute the response G,(t) using standard
layer matrices and an assumption of constant slowness. The crust model we use
is based on modeling studies of near field data and has been shown to be accurate
for timing purposes (Hartzell et al., 1983). We use the appropriately scaled
Mueller Murphy source for S(t) and again a Futterman operator for Q(t).

Figures 15 and 16 compare data to synthetics for four Pahute Mesa events
as observed at MNV. From thece calculations, we hope to address a number of
questions. These include, is the turning ray or head wave model for G,(t) more
appropriate, does the Mueller Murphy source scale ccrrectly and what is an
appropriate value of t* for P,? We also would like to know whether the commonly
used approximation of pt as an elastic reflection of P is accurate.

The results for the turning ray approximation of G,(t) are shown in Figure
15 and for the head wave in 16. We began by simply assuming that the Mueller
Murphy source gives the correct source pulse shape S(t). Because the Mueller

Marphy cource assumes an f 2 spectral decay rate, the predicted velocity pulse
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Figure 15. Observed versus synthetic P, waveforms at MNV for Pahute events.

The turning ray model for propagation is assumed. The Mueller Murphy source
scaling relations and a t* value of 0.1 s are also assumed. As indicated by

arrows, the observed pP arrival is late but approximately the same in size as
the elastic prediction.
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Pn from PAHUTE ot MNV
(Ground Velocity for Head Wave)

Figure 16. Observed versus synthetic waveforms at MNV for Pahute events. All
assumptions are the same as for Figure 15 except for a head wave model for
propagation.
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is discontinuous. We increased the level of attenuation (t*) until the dis-
continuous pulse was smoothed into approximately the observed pulse. There are
two features of the observed pulses to be considered. The first is the zero to
peak or rise time. 1ne second is the duration of the first swing. The t* value
for the synthetics in Figures 15 and 16 was ultimately set at 0.2 s. The
corparisons in Figure 15 show that for the turning ray model, this value gives
approximately the right duration for the first swing but that the theoretical
rise time remains too high. The latter discrepancy could mean that the £°2
spectral decay assumption is incorrect or that a frequency dependent Q correction
is required. The Mueller Murphy source scaling predicts a larger difference in
the durations of the largest and smallest events than is observed. This is a
small data sample, but it would appear that the possibility that the scaling
effect is too strong in the Mueller Murphy formalism will need further exploration
in the future. The computed pP arrivals and what we interpret as pP arrivals
in the data are indicated by arrows. The observed pP is clearly and consistently
iater than tte predicted. This phenomenon of anomalously delayed pP has been
observed consistently in teleseismic data in many different investigations
involving many different approaches (Murphy, 1988; Lay, 1985). The P, waveforms
confirm this anomaly. The only interpretation warranted is that what appears
as pP, or teleseismic pP is more complex than a simple elastic reflection. The
observed amplitude and waveshape of pP in the figure 1is comparable to the
predictions. Unfortunately, the traces had to be truncated after only two seconds
because of the onset of P, (see Figure 2).

The head wave synthetics in Figure 16 do not fit the observations nearly
as well as the turning ray synthetics. Because of the additional integration,
the svnthetic pulses become much too long in period. The shoulder associated

with pP. onset washes out completely. The value of t* was adjusted to match the
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observed rise time of the pulses. As the figure indicates, it is impossible to
simultaneously match the rise time and the duration of the first peak while using
the head wave model for P,.

Similar comparisons between data and synthetics for Yucca Flat events
observed at MNV are shown in Figures 17 and 18. In this instance, a t* value of
0.1 s appears most consistent with the data. The match between observations and
synthetics in the top two traces of Figure 17 is extraordinary. There can be
little doubt that a feature associated with the free surf;ce interaction is being
modeled. It is again clear, however, that this feature arrives too late to be
elastic pP,. It also appears that in some cases pP, has a larger amplitude than
direct P,. This could only be caused by some nonlinear effect in the source
region. Under the circumstances, it is probably best to refer to the pulse as
effective pP, and not to attempt to model it too closely using assumptions of
perfect elasticity. The pP, from the magnitude 5.4 event at the lower left shows
additional structure. This is another indication that a complex process is
occurring.

The Mueller Murphy source scaling again fails to predict variations in
frequency content associated with source size. There is a large shift in frequency
content between the top events with magnitude 5.7 and 5.9 which the scaling law
does not predict. There is a modest increase in frequency content as source
size decreases from my 5.7 to 5.4 to 4.5, but the scaling laws over predict the
effect. The head wave model synthetics in Figure 18 are uniformly too low in
frequency content. This reinforces the credibility of the turning ray repre-
sentation of the P  arrival.

Similar comparisons of data from Pahute and Yucca Valley at station KNB are
shown in Figures 19, 20, 21 and 22 respectively for the same events modeled at

MNV. We will not discuss these comparisons in extended detail, but we believe
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Pn from YUCCA at MNV
(Ground Velocity for Turning Roy)

Figure 17. Observed versus synthetic waveforms at MNV for Yucca events. All
assumptions are the same as for Figure 15 except for an increase in t* from
0.1 to 0.2 s.
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Observed versus synthetic waveforms at MNV for Yucca events.

All
assumptions are the same as for Figure 15 except for a head wave model for
propagation and an increase in t* from 0.1 to 0.2 s.
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Figure 18.
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P, from PAHUTE at KNB
(Ground Vefocity for Turning Ray)
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Figure 19. Observed versus synthetic waveforms at KNB for Pahute events. All
assumptions are the same as in Figure 15.
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Figure 20.
assumptions
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Observed versus synthetic waveforms at KNB for Pahute events.

are the same as in Figure 16.
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Pn from YUCCA ot KNB
(Ground Velocity for Turning Ray)

Figure 71. Observed versus synthetic waveforms at KNB for Yucca events. All
assumptions are the same as in Figure 17.
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P, from YUCCA ot KNB
(Ground Velocity for Heod Wave )

Figure 22. Observed versus synthetic waveforms at KNB for Yucca events. All
assumptions are the same as in Figure 18,
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thev illustrate the following points. Effective pP,is always present as indicated
by the arrows. It is always significantly later than the elastic predictions.
For Pahute events, the amplitude of effective pP is approximately the same as
for the elastic predictions. For Yucca Valley events it is consistently larger.
The phvsics of effective pP generation appears to be test site dependent The
value of t* appears to be about 0.1 or 0.2 s for P,. This is almost an order of
ragnitude decrease from the value for teleseismic P. The head wave model for
G.(t) consistently produces synthetics which are too long period to fit the

observations. The Mueller Murphy scaling laws do not successfully predict the

observed frequency shifts for Yucca Valley events.




DISCRIMINATION WITH THE P, WAVEFORM

Figures 12 and 13 demonstrate that the P, waveform is on average very stable
and that it exnivices a distinctive feature a few seconds after onset. The above
modeling studies provide a convincing case that this feature is associated with
effective pP,. Since earthquakes uniformly occur much deeper than explosions,
it is reasonable to expect that few earthquakes will exhibit a highly similar
feature at such short times into the waveform. In a previous report (Burdick
et al., 1988), we demonstrated in a quantitative way that this was the case.
We collected P, waveforms from the earthquakes mapped in Figure 1 at stations
ALQ and JAS. We windowed out 3 second onset waveforms from both the earthquake
and explosion signals and measured their correlation with an analytic norm. This
norm has been described in detail by Burdick (1986). It attains a maximum value
of 1.0 if and only if two waveforms are identical. Figure 23 shows the result
of measuring the correlation of Pahute explosion versus earthquake waveforms
with the average explosion waveform from ALQ. Pahute signals seem to be more
consistent in their pP, character than Yucca signals. The discrimination of
explosion from earthquake signals is very good at all stations just as in Figure
23. Unfortunately, the majority of events detonated at Pahute Mesa are large.
Standard techniques could be used to discriminate them from earthquakes. Smaller
magnitude explosions are usually detonated at Yucca Flat, and because of the
greater instability of pP, discrimination is somewhat more problematical there.

Figure 24 shows the results for Yucca Flat events at ALQ. The discrimination
performance of the waveform norm definitely deteriorates between magnitude 4.0
and 4.5, However, a careful review of this deterioration shows that it is caused
at least in part by a signal to noise ratio problem. ALQ is the most distant
station in the digital net, so this might not be so much of a problem at other

~tarions. Also, it generally seems that P, signal to noise ratio is much better
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Figure 23. Discrimination of Pahute explosions from earthquakes using
correlation with the average P, waveform at AlQ. The explosions are stars and
the earthquakes squares.
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in stable continental regions than in the highly tectonized western U.S. Figure
75 shows the discrimination results for Yucca Flat events at JAS. The separation
of explosions from earthquakes between 4.0 and 4.5 is somewhat improved.

A further consideration in developing a discriminant based on P, waveform

In

is that some dependence of the waveform on event size should be expected.
the examples of the waveform discriminant shown so far, we have simply tested
for the correlation of waveforms with the average waveforms shown in Figures 12
and 13. Generally those averages were formed from signals of larger events since
thev tend to exhibit the splitting of the third swing more clearly. To estimate
the impertance of event size on the waveform discriminant, we averaged explosion
P, waveforms at JAS from six explosions with magnitude between 4.0 and 5.0. The
correlation of that waveform with the JAS discrimination data base is shown in
Figure 26. The correlation of the large explesions with the average waveform
clea.lv with rcspect to the levels = Figure 25. The discrimination efficiency
at small event size clearly improves. It appears that as the waveform discriminant
is developed further, an event size correction should be incorporated into it.

The discrimination tests showr. so far demonstrate only that explosion P,
waveforms are consistent and stable at regional stations and systematically
different than earthquakes. The conditions of the tests are, however, highly
idealized. 1In a realistic situation, signals will be recorded on a regional
array from continuously varying azimuths. The discrimination procedure would
have to assimilate all of the waveforms from the array and test whether the
signals had a feature resembling explosion pP, on average. The consistency of
the P, waveforms in Figures 12 and 13 indicates that such a procedure should be
effective at some level. A simple test as to whether explosion pP, signals from
ors: station can be used to discriminate between events at another station has

herr made by correlating the average MNV =ignal with the JAS data set. The
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results are shown in Figure 27. The discrimination efficiency is comparable to

the level achieved with the JAS waveform proving the feasibility of the waveform

discriminant.
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DISCUSSION

lhere are balancing concerns involved in the development of an effective
regional discrimination procedure. On the one hand, a high degree of reliability
is desired, but on the other so is a dependable level of transportability. 1In
the western U.S., the spectral discriminant of Taylor et al. (1988) seems to be
more effective than the P, waveform discriminant as it has been developed here.
The difficulty with the former {s that the physics behind it is not understood.
Most lines of evidence involving, for instance, near field or teleseismic data
indicate that there is no consistent spectral difference between explosions and
earthquakes. Thus there is no way to be sure that the processes which cause
this difference in the western U.S. will occur consistently in other regions.
The P, waveform discriminant is based on detecting the effects of the interaction
of seismic energy with the free surface. Albeit these interactions are apparently
nonlinear and not completely understood, they will occur for any nuclear test.
The P, waveform discriminant can be reliably transported.

Further development of the waveform discriminant should involve the col-
lection and analysis of performance statistics in the western U.S. How often
does a signal from a western U.S. earthquake correlate highly with a P, signal
from an explosion? It could be expected that similar performance statistics
would hold in a region where actual verification was taking place. Some adjustment
to the discrimination procedure and to the performance statistics could be based
on studies of P, waveforms from earthquakes in more normal tectonic regimes than
the western U.S. The actual implementation of the discriminant on a computer
could follow one of several approaches. One would be an empirical one in which
observed waveforms from a regional net are continuousiy correlated with the
average explosion P, waveforms from the western U.S. digital net. Another approach

could be based on synthetic modeling. The models could be adjusted to fit the
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western U.S. P, data base and then used to predict waveforms for other regions.
Corrections for source scaling and for variations in attenuation would be
straightforward to implement in this approach. A third method could be based
on recognition of patterns in the waveform. For example, the method could be
based on logical identification of the "c¢" swing and a logical test for whether

splitting was occurring.
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CONCLUSIONS

The waveform of the onset of P, has been found to be extraordinarily stable
in character in the western U.S. The waveform for nuclear explosions ¢ .n be
easily synthesized using standard models and methods. The specific modeling
studies described here demonstrate that at high frequency P, is more probably a
turning ray from a gradient in the 1id than a true head wave along the Moho
discontinuity. The value of t” for P, appears to be in the range of 0.1 to 0.2
seconds. This means that the explosion source process can be observed in much
closer detail than it can from teleseismic data where t* values are closer to
1.0. The scaling laws for the Mueller Murphy source do not explain the observed
scaling of P, waveforms adequately. The effective pP, can be observed clearly
in the waveform. It differs in character between Pahute Mesa and Yucca Flat
events. In all cases, it appears that simple elastic reflection from the free
surface is a poor model for effective pP,. The arrival time is always late with
respect to direct P,, and for Yucca Flat the pP, is larger than direct P,. The
waveform of pP_ varies substantially in many cases from the direct arrival. It
has been demonstrated here that the waveform of P, can be used as the basis of

a discrimination procedure.
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APPENDIX 1.

SEISMIC SECTIONS OF NTS EVENTS FROM THE WESTERN U.S DIGITAL ARRAY
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Figi.re Al. A seismic section of Pahute events observed at MNV.
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PAHUTE EVENTS AT KNB
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Figure A3. A seismic section of Pahute events observed at KNB.
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YUCCA EVENTS AT JAS
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PAHUTE EVENTS AT ALQ
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Figure A7. A seismic section of Pahute events observed at ALQ.
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PAHUTE EVENTS AT ELK
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Figure A9. A seismic section of Pahute events observed at ELK.
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PAHUTE & YUCCA AT PAS
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PAHUTE EVENTS AT PFO
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