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TECHNICAL REPORT SUMMARY

This report covers contract work for the time pertiod @1 Oct 1978 to 39 Apr

— T T e

/}gg;,. The time has been the most successful and ductive that I have spent on
DARPA/AFOSR objectives in seismic discrimination.%SZhe report is divided into
two parts. The first part describes contract work that is now being written up
in publishable manuscripts. Topics covered include: I[1] analysis of wideband
digital data for elucidation of the seismic source (two manuscripts in prepara-~
tion), [2) analysis of eastern Kazakh explosions for the effects of anomalous
tectonic excitation (1 in preparation), and [3] an evaluation of the seismic mo~
ment tensor method for analysis of close-in accelerometer data of the JORUM,
PIPKIN,, and HANDLEY tests (1 in preparation). The second part of the report

consists of 4 manuscripts that have been completed for submission to the Jjour-

nals. Topics ‘covered include: [4] amplitude-yield scaling of chemical explo~

sions; [5] new evidence on the Pn-Rayleigh and another near-regional seismic:

discriminant, [6] the computation of near-field canonical sources by exact theo~-
ry in a multilayered medium, and [7] seismic discrimination at near-regional
distances using only Pn.

N\

{11 ANALYSIS OF WIDEBAND DIGITAL DATA

Ever since my‘participation in the Near-Field Project sponsored by AFOSR, I.
have felt that a primary, ongoing need far the advancement of earthquake source
theory is the acquisition of better data than had hitherto been available;
source models are numerous, but seismologists still disagree on some of the most
fundamental points. Therefore, I have felt a responsibility to obtafn such data
as time and resourcas have permitted. With the advent of digital
event-recording seismographs, ve began a program of digital data acquisition on
eastern Sierra earthquake sequences. The rate of data return has been very high

compared with the modest costs of acquiring it.

We were fortunate in that eastern Sierra seismicity began to {ncrease, af-
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fording the opportunity to record a number of distinct aftershock sequences. We
were extremely fortunate to have placed event recorders in the field 6 months
prior to the onset of the major sequence at Mammoth Lakes, culminating in ten ML
B+ events in the last week of May, 13988.: The area is of considerable tectonic
interest, and these sequences led us toc a number of research projects (Somer-
ville and Peppin, 1988a,b; Peppin and Somerville, 198%; Peppin and Somerville,
1981a). The work relevant to DARPA was done on an extension of the original
contract, and involved processing the digital data acquired. This work will be
described in two manuscriptsA in preparation (Peppin and Somerville, 1981b;

Somerville and Peppin, 1981).
A. The digital data set

In Figure 1.1 is presented an image showing the 1locations and number of

three—component digital seismograms recorded. The data is recorded wideband-

displacement flat (@.1 to 58 Hz) using seismograph systems as described by Pep-

pin and Bufe (1983). Altogether some 1,500 3-component seismograms were ana-
lyzed. For almost all events analysis consisted oft (1) dumping the digital
data to named mass—-storage filess (2) computing amplitude spectra of the verti-
cal-component P and horizontal-component S-waves; (3) constructing plots of all
data traces and spectra; (4) measuring spectral corner frequencies; (5) com-

puting seismic moment from the long-period spectral asymptote; and (6) comput-

ing synthetic Wood-Anderson magnitudes. In addition we have computed adjusted

Berkeley magnitudes where possible and seismic stress drop using Brune's (19783,
1971) formulas. More detailed analysis awaits cbtaining accuratz locatians for
study events of interest, a problem rendered nontrivial for several reasons,
mostly because of complex geolagy, poor station distribution, and record overlap
in foreshocks. Data quality is superior, with large signal-to-noise ratisc ex-

tending over most or all of the recording bandwidth.

B. Pictorial description of the data set
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Figure 1.1. Indicating station names where digital data was collected
and the number of three-component records obtained at each
site. Seismicity 1975-1979 is shown also.
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For so large a data set, it is of interest to provide some sort of visual
cnaracterization. Presented here are plots of log setsmic moment versus ML
(Figures 1.2 and 1.3), log of seismic moment versus P- and S-wave spectral
corner frequency (Figures 1.4 and 1.6), log of seismic moment versus their ratio
(Figure 1.6), and their ratio versus P-wave spectral corner <frequency (figure

LD,

C. Discussion

The original purpose of this experiment was to acquire a set of excellent
data cluse to the source of earthquakes. Then we could experiment with waveform-
inversion methods for determining the seismic source function. One 'prob]em in
particular remains in question today, namely: what source parameter relates to
the time duration of seismic waves eminating from the source (or similarly, to
the spectral corner frequencies of P and S waves)? The prevailing view has been
that the spatial source dimension (i.e., length of faulting) controls the ob-
served frequencies, However, telmberger and colleagues have had good success
modelling moderate earthquakes essentially as point sources in their studies of
teleseismic body waves. Indeed, for our dats set it is remarkable how far the
point-source approximation can be taken. 1In Figure 1.8 we show data recorded
close (1 second 5 - P time) to two sizeable Mammoth aftershocks. Synthetic se-
ismograms for a point source in a halfspace have also been prepared, and the
tits are remarkable under the circumstances. The larger earthquake has a seism--
ic moment of 1.7823 dyne—cm, one of the bigger events in the sequence. And yet,

as can be saen, the effect of source finiteness is difficult to identify.

Hanks (1981) explains how the point-source assumption, if incorrect, could
lead to distinctly wrong values of mantle QG for P (versus S) waves. The reason
for the problem is this. What if in fact it 1is a general result that the
P-waves 1leaving the source are richer in high frequencies than the S-waves.

Then we would expect to see this effect in teleseismic body waves {(which we do).

But if the difference is then attributed to whole-path Q, we will erronecusly
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Figure 1.2. Log seismic moment versus local magnitude computed
synthetically. The regression line "pS" is given above. Dashed

Vine for southern California events (Thatcher and Hanks, 1973),

Solid circles: moments by time-domain fits; open circles: ‘estimates
of moment from Uhrhammer and Furguson (1980).
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Figure 1.4. Log seismic moment versus log of the vertical-component
P-wave spectral corner frequency. These were inferred by overlaying

templates on the spectra and picking the corners by eye, most to with-
in a confidence range of about 20%.

Py N XX




B
1

PAGE 3D
r.
. ;
+ + 5
- + + ¥ |
s T + +++ + l
: + :t . % +# + ]
vy : i§§i§+i
o, PrEs f%iﬁz
L
ETTE M Ca
N tr3tD O '
+ +
I 4 - i

1.0 .4

og fes (hz)

Figure 1.5. Log of seismic moment versus log of horizontal-component
S-wave spectral corner frequency. Inferred by overlaying a template
and picking by eye. Most are precise to about 20%.
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Figure 1.6. Log of seismic moment versus the ratio "R" of vertical-

component P versus horizontal-component S spectral corner frequency.

Because of overlapping points, it is not clear in the figure that the
average of all values is about 1.3.
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Figure 1.7. Spectral corner-frequency ratio "R" versus vertical-component
P-wave spectral corner frequency at all stations except MCE and MRS (top),
MRS (lower left), and MCE (lower right). Dashed lines are trend lines pre-
dicted as described in text. Numerals beside each line indicate cutoff
frequency for S selected. At all stations except MRS there seems to be a
noticable correlation between R and the P-wave spectral corner frequency.
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Figure 1.8. Observed and theoretical seismograms for two large events, 26 May 1925,

ML 4.6 T'y?t transverse) and 26 May 1980 1857, ML 5.5 (vertical and transverse,
right). Ramps between P and S phase are the near-field terms, visible on vertical

as well as transverse components. For 1857 the preamplifiers are clipped after onset
of the S-phase (last, large arrival on all traces).
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infer values of Q@ for P too high relative to Q@ for S.

Now, says Hanks, we do see this frequency shift in the majority of data
studies published, regardless of recording distance. Therefore, he asserts that
the shift is a source effect, which implies that the length of the rupture zone

controls the frequencies observed.

With the sizeable data set at hand, and given its superb quality, important
new evidence can be brought to bear on this question. In Figure 1.6 we have
plotted the ratio "R" of P to S wave spectral corner frequency for the events
possessing good-quality corner frequencies on each phase; We see that the data
support Hanks in that the P-waves appear to be enriched in high-frequency energy
relative to S. However, we can give a different interpretat.on. At each re-
cording station a "cutoff frequency"” can almost always be identified for the
S-waves spectral corners, but nat the P. This cutoff is frequently quite clear-
ly identifiable. Consider, for example, the data at the Whitmore station shown
in Figure 1.9. The S-wave data seem cut off at all levels of seismic moment at
about 7 Hz, while P-wave corners go up to 15 Hz or more for fairly large events.
One obvious explanation for these facts is the action of anelastic attenuation.
Suppose that this effect works in such a way as to band-limit S-waves while
leaving P unaffected. Then we wauld expect R to correlate with P-wave spectral

corner frequency.

In Figure 1.7 we suppose that R is unity at the source and that a separate
cutoff frequancy exists at each station for S. Above the cutoff the observa-
tions of R should begin tu increase. The lines 1in Figure 1.7 are predicted
trend lines on the assumption of varying cutoff frequencies for S; the fit to
the observations is reasonable for cutoff values close to those as observed in

Figure 1.9,

From this analysis we conclude that no statement can be made about condi-

tions at the source based on the observations (Figures 1.4 and 1.7) until the
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effects of anelastic attenuation are better known, so that Hanks' (1981) premise

is not Justified for this data set. In fact, let cutoff frequencies be selected
from Figure 1.7, Then let R be computed only when the P-wave corner is strictly
not greater than this cutoff. At 8 of 9 statfons, the average value of R is in-
distinguishable from unity (Iggls'l). In support of this general idea, note
that the rate of falloff to high frequency is observed to be significantly gre-
ater in S-waves than in P-waves, ‘consistent with the proposition that the
S-waves are being more strongly affected by anelastic loss. In contrast, I know

of no source theory that can predict such a difference in high—frequency falloff

on elastic rheology.

To me all this means that R is probably unity at the source for these
events., Then it must be the source rise time that dictates the spectral corner
frequencies, not the spatial source dimension. If true, this result can also
explain the observation of rather weak scaling of the P-wave spectral corner
frequencies (factor of near 2 over 4 orders of magnitude 1in seismic moment).
Source dimensions should scale more rapidly with moment than this on any reason-

able hypothesis.

I believe these results are quite relevant to the DARPA discrimination pro-
gram, because they relate in a fundamental way to our treatment of earthquake
sources. I can see no way to make sense of the observatfions unless these earth-
quakes are strongly controlled at all magnitude Jlevels by asperities of
more—or—less limited size range (say 26 * 18 m). In this case, high—-frequency
body waves are seeing the failure of rather small asperities, while surface
waves are seeing the effects of a rupture that radiates out over a Tlarger, but
less energy-rich rupture surface. "Stress drop" for such a failure has no use-
ful meaning when taken over the whole fault, but might have meaning correlable
vwith the strength and/or texture of rocks in the source region. If this is a
general result, it means that theoretical treatment of earthquake sources for
the discrimination problem should be modified in fundamental ways; for earth-

quakes are then highly "dissimilar"” in the sense of Aki (1967)., 1If so, our dis—
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Table 1. Spectral Corner Frequency Ratios

Station Sequence R(all data) N cutoff freq. R (P cutoff) N

MCE Mammoth 1.17 1 .29 9N 13 0.98 ¥ .26 30
MRS Mammoth 1.18 ¥ .28 152 8 1.15+ .33 &
ROC Mammoth 1.33 ¢ .31 101 8 1.16 £ .26 44
WIT Mammoth 1.61 * .53 160 7 1.26 £ .27 62
BIR,BIW Bishop 1.81 + .66 37 8 1.12 18 13
BRB,BRS Bridgep. 1.62 ¥ .58 52 8 0.96 ¥ .09 11
DIA Dia. Val. 2.30 t .40 18 - S --
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crimination efforts should be directed more toward statistical measures of this
dissimilarity in source regions of interest rather than the present heavy em-
phasis on waveform fitting using relatively simple saurces. Where dissimilarity
is great, scatter (hence overlap) of, say, Ms:mb populations of explosions and

earthquakes can be expected.
[21 SEISMIC CHARACTERIZATION OF RUSSIAN EVENTS

Of recent interest to the DARPA program was the occurrence of the event of
g7 July 1979, an eastern Kazakh presumed explosion showing a tremendous SH pulse
at the SRO station ANTO (At a recent DARPA contractors' meeting, T. Fitch ex-
pressed the opinion that this pulse was not real; 1if so, then it is notorious
that the motion is almost pure transverse on the two horizontal components rela-
tive to the great-circle travel path). Brian Stump and I were asked to analyze
this event with a view toward answering the following 3 questions: (a) can the
event be identified as an explosion? (b)) can the tectonic orientation of the:
stresses involved in production of the SH phase be identified? (c) can we esti-
mate the effects of tne added earthquake component on the amplitude of

short-period, vertical P (i.e., the effect on the body wave magnitude)?

Investigations completed so far can address (a) and (c) and indicate ways
to proceed toward (b). We began by establishing a control event, that of 08 Au-
gust 1973, for which the best short-period data was available, and for which no
large SH pulse was evident on the SRO stations. Using eight SRO and ASRO sta-
tions, we inverted for the seismic moment tensor. For a Eurasian mantle struc-
ture provided by Helmberger and WKBJ analysis (Chapman, 1378; Dey-Sarker and
Chapman, 1978) for the Green's functions, the following extreme (unsigned) va-

lues of the moment tensor Mij(t) were obtained:

11.8 7.8 2.90
7.00 17.8 2.90
2.09 2.9¢ 1.09
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A pure explosion would have equal values on the diagonal and zeroes off the
diagonal. Thus, the event is inferred to be part explosion and part earthquake.
We consider the result a success because: (1) only vertical component P data
was used; (2) good fits of the data at all stations and somewhat reliable time
functions were obtained; (3) the phase sP was not included in the Green's func-
tion due to a bug in the WKBJ code (inclusion of this phase would no doubt drive
down the off-diagonal elements that are very sensitive to S leaving the source).
For samples of the fits of the data, see Figure 2.1, and for samples of the in-
ferred motions at the source, see Figure 2.2.

Regarding the seismic discrimination question (a): it appears likely that
the gross nature of the source—explosion or earthquake—can be resolved by this
procedure using teleseismic body waves, although investigations of other explo-
sions and earthquakes will be required to verify this. Our conclusion regarding
(c) is that mb, hence inferred yield, is unlikely to be affected by "anomalous*
tectonic excitation at the level of the B7 July 1979 event. Question (b) rema-

ins. Recent communications with C. H. Chapman have verified some mistakes in

the WKBJ source terms employed by Stump and me for eastern Kazakh events. Thus,

we need to recompute the necessary Green's functions incorporating the phase sP.
For the @8 August 1979 event we were able to infer principal directions of
stress for the deviatoric part of the solution. The results was a thrust me-
chanism with compression axis at N 15 deg E, plunge 10 degrees, and with tension
axis at about S 2@ deg E, plunge 58 degrees. These inferred directions are
Tikely to be altered significantly by inclusion of sP in the Green's functions,
but our other conclusions about these snurces will probably not be altered sub-

stantively.

{31 CLOSE-IN ACCELEROMETER DATA

The University of California at Berkeley conducted experiments to record
ground motions near several large underground explosions JORUM (16 Sept 1969),
PIPKIN (@8 Oct 19569), and HANDLEY (26 Mar 1970). Results of the analyses of
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Figure 2.1. Data (top trace) and fit (bottom trace of each pair) that
results from fitting 8 vertical-component short-period SRO and ASRO
records of the eastern Kazakh explosion of 08 Aug 1979. Fits for stations
not shown are as good, except the CHTO record. Distances in degrees ("d")
and station-to-epicenter azimuth (”az”) are given. Traces are scaled for
relative amplitude between data and fits.
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0 1 2 3 4 5 seconds

Figure 2.2, Inferred motions at the source for the eastern Kazakh explosion
shown in Figure 2.1. Top: trace of the moment tensor (explosive part);
Middle: My,(t); Bottom: Myo(t). Note the prominent arrival after the
onset suggestive of spall closure. Note the roughly steplike appearance
of the deviatoric component (center trace). Finally, note that these records

(top trace) seem to indicate that the explosive part of the source has over-
shoot.




PAGE 8

these records are a major part of two theses (Peppin, 1974; Stump, 19793), as
well as recent work by Helmberger and Hadley (1981) and Stump and Johnson
(1981). The aim here has been: determine the source function of nuclear explo-
sions using observations taken close to the source; then questions pertinent to
seismic discrimination, e.g., the shape of the time function and amplitude-yield
scaling, will improve our understanding of why the various discriminants are ef-

fective.

Recently Brian Stump and I put our two codes together. My code produces
Green's functions for multilayered media close to the source with no approxima-
tion, having been designed specifically for this problem (Peppin, 13881), this
report), and his does the linear inversion for the sotrce. I have made four
runs on the HANDLEY data and one with the PIPKIN data with the aim of addressing
these questions: how stable are the results to large—-scale perturbations in

structure and wnhat can we infer as true source motion?

The answer is mixed. Stump and Johnson (1981) have considered the effect
of computing Green's functions for one structure with different sets of generai-
jized rays., while here we consider the effects of distinctly different layer mo-
dels. If we make a comparison based on the maximum values of the moment tensor,
as presented in the previous section, then all structures shown in Figure 3.1
lead to the unequivocal characterization of the event as dominantly an explosion
as found by Stump and Johnson. The wmodels for the halfspace and for the source
in the top layer (Figure 3.1) show a source which exhibits departure from spher-

ical symmetry in the vertical direction; the He Tmberger—Hadley and

source-pelow-the-layer models in Figure 3.1 give values of M(1,J) with the"

off-diagonal terms a twentieth or less of the on—-diagonal terms and these are
within a few percent of being identical in magnitude and shape. A1l of the mo-
dels in fFigure 3.1 lead to excellient fits of all 12 components of recorded ac-
celeration on vertical, radial, and transverse components essentially throughout
the whole record. As a result of these efforts I am convinced that one signifi-

cant prublem has been identified and soived. For the halfspace Green's function

i
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or for the Green's function corresponding to a source in the top layer, the the-
oretical solutions predict significantly larger radfal than vertical motion
while the reverse is observed in the main P-wave of the explosion. This leads
directly to the inference of an axial component in the source (the inversion has
no other way to make the vertical component larger than the radial). Thus, this
axial component 1is definitely an artifact, not part of the source. When any
Green's function is used which gives the <correct vertical/radial amplitude
ratio, the axial component disappears, leaving a spherically-symmetric source.
Consequently, I am now inclined to reject the non-explosive source component in-
ferred by Peppin (1877), at least insofar as the generaticn of clese-in boady

vwaves is concerned.

The problem is that the inferred time histories of the source are quite
variable from model to mcdel; compare the time histories inferred for the ex-
plosion part of the source presented in Figure 2.2. It appears that the method
is such that the relative strengths of the M(i,j) are insensitive to changes in
the model, but the phase information, which controls the shape of the time hits—
tery, 1is sensitive, That is 1o say: we can get some useful information with
structure known only vaguely, but we can get much more if the structure is known
to better precision. Stump and Johnson (1981) find elements in common with all
of their inferred sources; however, their soiutions appear unsatisfactory to me
in that the most energetic part of the source lags 1.3 seconds behind the first
impulse. More work is needed on this problem.

Cnze satisfattory inversions can be parformad, our zim is to try and find
elements of similarity in the source functions inferred under different circum-
stances with different explosions (do all néed overshoot? do all need no over-
shoot?). We want to know whether a simple source is sufficient, or if spall
phenomena contribute (here note the second arrival in the source function about
2 seconds after the event unset in Figure 3.2, corresponding to spall closure

time for an event of this magnitude: Springer, 1974). The overshoot question

has been studicd using the same data set by Peppin (1977), Stump (1979), Helm-




v

]
3 seconds

Figure 3.2. Inferred source motions for the explosive part of the source
of the HANDLEY explosion. Top trace: for the model left-center in Figure
3.1; bottom trace: for the model right-center in Figure 3.1. Prominent
secondary arrival seen on second trace as found by Stump (1979) for a half-
space and by Stump and Johnson (1981) for the bottom layer model of Figure
3.1. Again the source appears to have overshoot; compare with Figure 2.2.
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berger and Hadley (1981), and Stump and Johnson (1981) with diverging opinions.
We must be prepared to accept that different source functions may be required to
explain data at close-in versus teleseismic distances; and we must then assess
the implications for seismic discrimination insofar as transferring inferences
based on the one data set to the other.
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[4) AMPLITUDE-YIELD SCALING RELATIONS OF
CHEMICAL EXPLOSIONS

Witliam A. Peppin

Vaughn E. Culler

SUMMARY

Forty-six chemical explosions (24 to 515 pounds of C4 equivalent) were de-
tonated above ground in a carefully-controlled experiment for seismic
aripiitude-yield scaling relations. Wideband (U.1 tc 5U Hz) digital seismic data
was recorded at four sites 1-4 km from variocus shotpoints. The seismic phases
analyzed were a P-wave refracting along a shallow interface and the ground res-
ponse to the air blast. Twenty-seven amplitude-yield scaling parameters were
developed. Analysis of analog and spectral paraweters shows the superiority of
the Tlatter in several respects: reduced dependence on source coupling and re-
ceiver conditions; greater case of measurcment standardization; improved ob-

Jjectivity in making a measurement. These results encourage the investigation of
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spectral amplitude-yield scaling relations for the phase Pn at regional distance

ranges.

INTRODUCTIGON

A sizeable literature exists on the subject of seismic amplitude-yieid
scaling (Carder and Cloud, 1959; Romney, 1959; Adams et al., 1961; Carder and
Mickey, 1962; Kovach et al., 1963; Murphy and Lahoud, 1969; Springer and Han-
nen, 1973). However, summarized results (Murphy and Lahoud, 1963, Tables 2 and
3: Springer and Hannon, 1973) differ markedly with charge size, recording in-
strumentation, distance range, and source/receiver geology. At Lawrence Liver-
more Laboratory (LLL), it was felt that insufficient data was available 1{in the
relevant ranges of charge size and recording distance. Accordingly, we designed
a seismic experiment which was conducted at the Site 300 testing facility near
LLL for the purpose of developing a set of amplitude-yield scaling relations for

the seismic amplitudes produced by above-ground chemical explosions.

Two facts establish the distinctive nature of our experiment as compared
with previously-conducted ones. First, we collected some of the best seismic
data ever taken for this purpose, and second, the design of the experiment was
left to a seismologist within fairly brecad constraints. Thus, we were able to
obtain exactly the data we thought relevant, and because this data was wideband,
three-component, velocity-flat (g.1 to 58 Hz; 12-bit resolution; X16
gain-range step), complete waveforms were available for all charges and record-
ing distance ranges. A detailed description of the seismograph systems employed

(DcR3) is found in Peppin and Bufe (1980).

EXPERIMENTAL PROCEDURE AND RECORDS TAKEN

Three DERs were deployed 1 km SSE, 3 km SE, and 2.3 km SSW of the standard

802 shotpoint. These wcre given respective station names 845, Linac, and 858

(Figure 1). Threc-component data was rccorded at each site along with WWVB, an
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absolute time standard. Horizontal components were rotated to radial (positive
away) and transverse (positive to the right facing the source) components.
Tests were made which showed independence of amplitude scaling with charge he—
ight above the ground (8 to 2 m) and with respect to asymmetric source modifica~-
tion (208 kg steel plates placed above, beside, and below 183-pound charges).
For the amplitude- yield scaling series “KSG", each charge was fired 39 cm above
the ground, the crater was refilled, and the next shot fired in the same spot to
a precision of 4 m. VYields ranged from 24 to 515 pounds of C4 equivalent high
explosive. In the source coupling series "KSF" identical 5d-pound charges were
fired in an X pattern over the 882 shotpoint with KSF4 at that site for refer-

ence (Figure 1).

Figure 2 shows a typical record as seen at the Linac site. On these and
all other traces two phases are seen., The first motion is a seismic P-wave
(longitudinal from the source, hereinafter called the "seismic wave") and the
second is the ground respanse to the air blast (hereinafter the "acoustic
wave"), which was fairly loud and sensible at this site. Figure 3 is a
travel-time plot for the seismic wave. The velocity is 3.86 km/s and the inter-
cept is consistent with a shallow refractor (typical at Site 380 s 60 wm of
loose material over Cenozoic sedimentary rocks). Thus, the arrival undoubtedly
is a refraction along the top of the Cenozoic rocks, analogous to Pn observed
regionally in the western U.S. In Figure 2 note the long—period undulations
seen on each component preceding the event onset. These are the six—-second mi-
croseisms, which demonstrates the system recording bandwidth. We identified no
other seismic phase {such as S, Love, or Rayleigh waves). Peppin (1978) givas a
complete presentation of all data recorded and a fuller discussion of these re-

cords.

DATA ANALYSIS

Analog measurements werc made from the 488 (i ta traces available from each

component of seismic motion recorded. Amplitude spectra of the seismic and
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acoustic phase (800 in all) were computed. The windows were 1.28 and 2.56 sec-
onds, respectively, for these phases. A least-squares parabolic trend was re-
moved and a 10% cosine taper applied at each end. Spectra were computed from
the resulting traces. These were smoothed (3-point triangle window) and all
were plotted after converting to ground motion by removing the system response.
Identical processing was applied to the quiet segment preceding event onset so
that an estimate of signal-to-noise ratioc could be obtained as a guide for se-
lecting appropriate passbands for amplitude—-yield scaling. A sample spectrum
appears in Figure 4; the others are found in Peppin (1978). Al1 of the scaling
measurements were made either from the preprocessed time trace (lower part of
Figure 4) or from a spectral average of selected passbands 1in the amplitude
spectrum of this trace (upper part of Figure 4). The analog measurements taken
were the first quarter-cycle amplitude ("a") and first half-cycle amplitude
(*b") measured directly off the time trace in Figure 4 (all are plotted the same
height and the maximum amplitude in digital counts'is given to the right of the
time trace). Spectral scaling averages were determined by trial and error (at
Linac the band 6-9 Hz was selected). "Better" passbands were those giving more
uniform amplitude-yield scaling of the KSG series. We claim no completeness in

our search for possible scaling parameters.
RESULTS
A. Source/Receiver Effects

The shots of the KSG series, all on 892, provided seismic records which
averlaid site by site and component by component apart from a scaling of ampli-
tudes with charge size. Thus, amplitude-yield scaling was precise to 5% and ac-
curate to 18% for charges fired at that site and recorded at any of the three
seismographs. The KSF series was designed to investigate variable source cou-
pling (see Figure 1). In Table 1 we consider the ratio of a given measurement
resulting from a shot off 882 to the same measurement resulting from the KSF4

shot on 802. Since all charges of this series had the same weight (58 pounds),
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Table 1. Variability in source coppling by measurcment type

Quantity Measured

PAGE 144 1

1

Fraction of KSX4

Linac seismic, spectral
845 seismic, spectral
858 seismic, spectral

Linac acoustic, spectral
845 acoustic, spectral
858 acoustic, spectral

Linac seismic, analog
845 seismic, aralog
858 seismic, analog

753
.944
.609

1.03
.99
1.02

.652
.635
762
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a unit ratio implies identical source coupling. from Table 1 note the signifi-
cant variation in source coupling (shots spaced only tens of m apart) and that
g : spectral measurements are less source-dependent than analog ones. Note also

that the acoustic wave shows no variation in source coupling, as 1s expected.

Table 2 provides a more detal]ed breakdown for each shot of the KSF series.
In this table we present the ratios for the seismic analog and spectral measure-
ments by shot. In column 4 we give the ratio we would expect and in column b we
state why; for example, as KSF2 was placed on a dry sandstone outcrop, we would
expect reduced motions near the source as compared with KSF4 fired 1in
loosely—consolidated wmud and gravel. This table shows that in each case except

KSF8 the spectral measurement gave the more reasonable ratio relative to KSF4.

To pursue these effects further, we fired a shot at a completely different
site 851 (see Figure 1). We were thus able to evaluate the amplitude-yield and
distance scaling relations found from the KSG series. The spectral measurements
at Linac, 845, and 858 gave an estimated yield of 94 * 25 pounds and the analog
measurements gave 50 * 20 pounds for a 18P-pound charge at Site 851. This rein-

forces the conclusion reached in the preceding paragraph.

Amplitude variations assaciated with receiver site are also clearly iden-
tifiable. The KSX series consisted of four charges detonated at 882, all of
nearly equal weight. For the last two, KSX3 and KSX4, seismometers at Site. 845
were moved 3@ m into a concrete bunker dug into bedrock. In this high-velocity
material we expect smaller amplitudes as noted by other investigators, and this
effect s seea in Figure 5 for the KSX2 and KSX3 shots. The respactive charge
weights of these shots were 42 and 46 pounrds of C4 equivalent. The ratios of
the corresponding "a", "b", and spectral average measurements were 1,49, 2.22,

and 1.63, showing that the spectral measurement is almost as good as "a" and

better than "b” in terms of receiver-site independence.

B. Amplitude-Yield Scaling Relations
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wet, dark mud like KSF4

near edge of gully-mud

Table 2. Ratio of Shot X to KSF4

X Seismic spectral Seismic analog expected comments

KSF1 .98 £..35 52+ .15 1

KSF2 .48 = 12 46 .07 small on dry sandstone
KSF3 58 £ .05 .60 .05 small near KSF2

KSF5 .85 .40 72 2 .04 near 1

KSFb .99 = 46 .62 * .14 1 similar to KSF1
KSF7 .83 * .13 .80 * .06 1 §imilar to KSF1
KSF8 1.27 * .57 .95+ .09 ] similar to KSF1
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To determine amplitude-yield scaling relations, the KSG series was fired at
Site 802. The charges used were 24, 48, B9, 72, 93, 112, 167, 217, 316, and 516
pounds of C4 equivalent high explosive. Regression of the log of the measure-
ment made versus the 1log of the charge weight in pounds was performed at the
three recording sites. Results appear in Table 3. Values of the yield scaling
m" range from 8.6 to 1.8. Tables 2 and 3 of Murphy and Lahoud (1369)

exponent
give slightly higher yield scaling exponents for displacement than for velocity
(B.761 versus B.646 in their Table 3). Here the spectra) measurements represent
displacement and the analog ones represent velocity. Our Table 3 gives #.887
and @.774 for the respective yield-scaling exponents, We might have expected
the analog measurements to scale like Springer and Hannon's (1973) Pn data,
which gave B.63 (similar mode of wave propagation). As found by theose authors,
the peak frequency in the analog record scales weakly with yield, here varying
by less than 25% over the whole range of charges fired. Undoubtedly the seismic

waves suffer anelastic attenuation over these shallow paths.

DISCUSSION

The most significant result found is that spectral measurements, made on
wideband digital systems, are superior to analog ones in several ways for ampli-
tude-yield scaling. First, they are less dependent on variations in source cou-
pling and receiver conditions; second, they permit measurement
standardization,; third, they appear more objective. We discuss each of these

points below.

W2 chouid hava expected less depandence on scurca/receiver effects in the
spectral averages. The analog "a" and "b" measurements sample only the first
arrival, a particular takeoff angle from the source. The spectral measurements
included the whole group, thus samples a range of source takeoff anglies. This
should stabilize the mcasurement somewhat by the fact that it is an average.

Similarly, the receiver response function, which is probably strongly

frequency-dependent, will affect the measurement less if we average over a size-
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Table 3. Yield-scaling exponents, Tog A = m log Y + b, where "A" is amplitude,
“Y" is yield in pounds.

Measurement* n uncertainty** b uncertainty**
b —_ e — —_—
Linac seismic Z 6-9 Hz .937 .0257 -4.00 .0524
Linac sejsmic R 6-9 Hz .944 .0339 -3.81 .0691
Linac seismic T 6-9 Hz .798 L0316 . =3.79 .0645
Linac acoustic Z 3-7 Hz .635 .0539 -2.54 110
Linac acoustic R 3-7 Hz 710 .0665 -2.86 136
Linac acoustic T 3-7 Hz .750 .0585 -2.61 119
] Linac seismic Z "a" 782 .0339 1.41 L0691
Linac seismic Z "b" .725 .0303 1.98 .0617
Linac seismic R “a" .809 .0693 1.06 .147
Linac seismic R "b" .881 .0360 1.46 .0735
858 seismic Z 4-9 Hz .862 .0363 -4.00 .0728
858 seismic R 4-9 Hz .880 L0315 -4.39 132
858 seismic T 4-9 Hz .798 . 0606 -4.,06 135
858 acoustic 7 1.5-3 Hz .735 .0440 -2.87 .0883
858 acoustic R 1.5-3 Hz .925 L0791 -3.20 .159
858 acoustic T 1.5-3 Hz .908 .0646 -3.36 .130
858 seismic Z "a" .815 .0954 1.31 .192
858 seismic Z "b" * 725 .0575 1.89 118
B45 seismic Z 8-12 Hz .685 .0483 -3.06 .0985
845 seismic R 9-12 Hz .820 .0661 -2.76 135
845 seismic T 9-12 Hz 1.25 .189 -3.73 .386
845 acoustic Z 5-10 Hz .847 .0738 -2.84 .150
845 acoustic R 5-10 Hz .659 .0868 -2.46 77
845 seismic Z "a" .608 .0441 .2.46 .0900
845 seismic Z "b" .590 .0438 2.96 .089?2
845 seismic R "a" .962 .0578 1.65 .118
845 seismic R "b" .944 .0449 2.23 .0915

*spectral measurements include pass band of average used. In this case, the
amplitude is in units of micron-s, Analog "a" and "b" measurements are in
arbitrary units.

**uncertainties of slopes and intercepts estimated from standard regression
formulas.,
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able pass band to smooth the variations.

Measurement standardization is made possible by presenting each spectrum as
in Figures 4 and 5, with ordinate in terms of absolute ground motion. This per-
mits the mixing of data recorded on unmatched systems. It also eliminates the
problem that analog measurements, taken from a wideband signal viewed through a
narrow-band system, cannot be related simply to absolute ground motion; thus,
analog measurements from different systems cannoct be compared directly as can

absolute spectral ones.

Objectivity is atded in computing spectral averages because 1t bypasses the
variation 1in signal character seen on analog traces by discarding the phase in-
formation. In Figure 5 note the large variation in signal character, and in
particular the large difference between the ratio of "a" to "b"i{ however, a
spectral average basically measures the power in the whole wave group, which
should be a more stable measure of yield than measuring a particular phase am-
plitude, whose character may change markedly in different source regions as fis

seen for NTS explosions.

Finally, note that the wave group analyzed was a refracting phase whaose
mode of propagation is evidently similar to the Pn phase. Thus, our results
suggest that Springer and Hannon's (1973) amplitude-yield scaling relations can

profitably be extended using spectral averages.
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FIGURE CAPTIONS

Figure 1. Left: plan view of standard 802 shotpoint, special 851 shotpoint,
and the three seismic recording sites described herein. Right: plan view
of shot locations in the KSF source coupling experiment. The shotpoint
numbered "4" is the standard 882 shotpoint.

Figure 2. Three—-component records of Shot KSG7 as recorded at the Linac site.
Traces from top to bottom: WWVB time code, vertical, radial, and
transverse system output, essentially ground velocity. All seismic traces
are scaled to the same plot amplitude; this maximum corresponds to the am-~
plitude given left of each seismic trace in digital counts.

Figure 3, Travel-time curve for the seismic wave as recorded for all shots and
all distance ranges. A least-squares line for travel-time "T" in seconds
versus distance "X" in km gives T = £8.327X + 0.160.

Figure 4. After windowing, detrending, and tapering (see text), the
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vertical-component seismic phase from Figure 2 looks like the lower trace
given (maximum amplitude in digital counts right of the trace). Above 1in
bold is the Fourier amplitude spectrum after smoothing and correction to
ground motion. The thin trace is the spectrum of record segment preceding
event onset which has been processed the same way. The analog measurements
"a" and "b" were measured as indicated here.
Figure 5. Same format as Figure 4, but as recorded for KSX2 (left) and KSX3
(right). The recording site for KSX2 was in loose, wet soil, and for KSX3

it was 30 m SE inside a concrete bunker set in bedrock.

{61 THE PN~RAYLEIGH AND ANOTHER NEAR-REGIONAL DISCRIMINANT

WILLIAM A. PEPPIN

SUMMARY. A near-regional seismic discriminant between earthquakes and under-
ground explosians, ¥irst proposed by McEvilly and Peppin (1972) and based on a
comparison of Pn and Rayleigh amplitudes, fails for a selection of events re-
corded at a new wideband station Jamestown, 450 km from Nevada Test Site. The
same events can be correctly identified in 49 out of 69 cases if a comparison is
made between the amplitude ratios of envelopes drawn around the Sg and Pg
phases, This discriminant, similar to some of the earliest proposed, has the
advantages of: potential extension to small (Richter magnitude ML .1t. 3.9
events at regional distances; ease of application; ready explanation of why it

is effective; and probable weak dependence on earthquake focal mechanism.

INTRODUCTION
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McEvilly and Peppin (1872) and:-Pepptn and McEvilly (1974) found a success-
ful seismic discriminant between spall (ML .ge. 3.6) near-regional explosions
and earthquakes. Using wideband (B.84 to 18 hz) vertical data recorded at
Berkeley (BRK), Mina (MNV), Kanab (KAN), Landers (LAN) and Elko (ELK), 208 to
658 km from Nevada Test Site (NTS), @#.5 to 5-Hz Pn amplitude was plotted versus
0.92 to 9.1-Hz Rayleigh amplitude for explosions and earthquakes (many on NTS)
with satisfactory separation of explosions from otner events at all stations and
all magnitudes studied (3.5 .le. ML .le. 6.3>. 1In 1975 the University of Cal-
ifornia at Berkeley began operation of another wideband system at Jamestown
(JAS) in the Sierra foothills. An attempt was made to check the effectiveness
of the discriminant based on new (13765-1979) data in view of recent interest in
regional seismic discrimination. I present results of the analysis for this and

one other discriminant in this paper.
DATA

In Figure 1 is presented the instrument characteristics for data traces re-
corded at JAS. Multigain recording of the 4 data channels is on compensated,
4@~percent deviated, FM analog magnetic tape. Data channels consist of a
high-gain short-period Benioff vertical (5P2), a wideband velocity system
(@.825-18 Hz, BB8V), and a wideband displacement system <(capacitance transducer
on the same pendulum). The high-gain and low—gain displacement ocutputs, DHG and
DLG, are separated by 46 dB. The DLG channel is such that a one megaton explo-
sion on NTS records near full-scale, Therefore, essentfally any seismic event
in California or Nevada with 3.8 .Te. ML .le. 6.5 is well-recorded by the sys-
tem on a1t least one data trace, providing if anyching superior data to that used
in the earlier studies. Analog playouts of filtered Pn (8.5 to 5 Hz, 48
dB/octave) and Rayleigh waves (B.02 to 0.1 Hz, 48 dB/octave) were prepared using
an expzarimental procedure identical to that employed by McEvilly and Peppin
(1272) and Peppin and McEvilly (1974),

SELECTION OF EVENTS FOR ANALYSIS
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We face the frustration that no earthquake has occurred on NTS between 1975
and 1979 that would be suitable for direct comparison with explosions as done by
Peppin and McEvilly (1874). Thus, following McEvilly and Peppin (1972), we take
earthquakes at an approximate distance to JAS equal to the distance to NTS.

Events selected are presented in Tables 1 and 2.
RESULTS: PN VERSUS RAYLEIGH DISCRIMINANT

Figure 2 is a plot of Pn versus Rayleigh amplitudes for the events given in
Table 1. DHG and SPZ were taken as the standards for measuring Rayleigh and Pn
amplitudes, respectively. OQDue to a wide range of amplitudes, empirical rela-
tions were developed between these standards and the other traces available:

DHG = BBV/(11l.1 ¢ 2.6)
for Rayleigh waves (22 common  events)

SPZ = BBV(17.1 %= 6)
for Pn (15 common events)

SPZ = DHG(34.3 £ 12)
for Pn (8 common events)

Using these and the static gain factor of 280 between DHG and DLG, 211 Rayleigh
amplitudes were converted to DHG and all Pn amplitudes were converted to SPZ,
the numbers given in Table 1. Starred readings in this table were converted to
the standard ones using the above empirical relations. Figure 3 shows the loca-

tions of JAS, NTS, and the earthquakes used in this study.
RESULTS: PG VERSUS SG ENVELOPE

The appearance of the records under considerations suggested another
promising discriminant. In Figure 4 an envelope was drawn around the Pg and Sg
phases on visicorder playouts. The amplitudes A and B were read and the ratio
B/A formed. The SPZ channel was selected as the standard one since it recorded
events of smallest magnitude, Empirical relations were developed between SPZ2
and the other channels as follows:

SPZ = DHG(17.6 * 7.8)
for P, 23 common events

e ——— . —— —— et
Saiiitnd o P N n N - PSR
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Table 1. Amplitude data for the Pn-Rayleigh discrimination, measured
in arbitrary units.

IDENTIFIER ~ EVENT NO PN AMP  RAYLEIGH AMP COMMENTS
Q948

975 "JUN 27 8727
375 JUN 28 2948

! 32 88 COLLAPSE
2 28 COLLAPSE
376 JUL 3 18 COLLAPSE
975 JUL 4 419 COLLAPSL
975 SEP E 5 104 EXPLOSION
3/7% 0CT 6 323* 67 EXPLOSION
3975 OCT « 7 178u0* EXPLOS1CN
3’5 NOV 8 2459 EXPLOSION
)75 NOV 26 9 194 EXPLOSION
3/6 JAN 6426* EXPLOSION
376 JAN q2 COLLAPSE
376 JAN £ 18+ ) COLLAPSE
376 JAN 2 22 408 COLLAPSE
376 FEB 126> EXPLOSION
376 FEB 1698 3 EXPLOSION
376 FEB 5989 EXPLOSICN
376 FEB 3434* EXPLOSTON
376 FEB 28 EARTHQUAKE,
276 MAR 3486* EXPLOSION
176 MA EXPLOSION
/6 MAR COLLAPSE
3/6 MAY 12. EXPLOSION
376 JUI EARTHQUAKE , D 392
976 AUG EXPLOSION
476 DEC & EXPLOSICN
276 DEC 21 1599 ; EXPLOSION
it AN p719 EARTHQUAKE , MAG D 379
37/ JAN 2439 ; EARTHOUAKE , MAG D 377
377 FEB 1763 EXPLOSION
W1 ALG 1640 EXPLOSICN
377 AUG 0220 2< EARTHROUAKE , MAG D 421
177 AUG 1766 EXPLOSION
SEP 1436 EXPLOSION
1/7 OCT 26 1415 EXPLOSION
NOV 1235 > EARTHQUAKE , MAG D 348
NOV 1939 8 ) EXPLOSION
DEC 1529 EXPLOSION
FEB 1436 ? ) EARTHQUAKE , MAG D 365
May 23 1647 43¢ EARTHOUKE , 5. MAG 4. 0 434
Juil 0421 > EARTHUUAKE, AZ 165, MAG D 328
8 AUG 1 p902 ¢ EARTHOUAKE, AZ 5, MAG 0 337
178 AUS Pl pSey 1%/ EARTHOUAKE, AZ 345, MAG 4.5, 1) 337
YU AUG 41 1926 EARTHQUAKE , 345, MAS 0 397
Y AUG 31 1488 1408 EXPLOSION
/8 AUG 2356 86 COLLAPSE
73 N0V 02 1528 5 65 EXPLOSTON
PR UB 128 y B s EARTHUUAKE, A7 75, MAG 4.2, D 365
e 24 et 1) 65 * EXPLOSIUN

- READYNGY Y CONVERSION TO STANDARD ONES (SEE TEXT)

PR READIEES
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SPZ = DHG(13.6 £ 6.1)
for S, 23 common events

SPZ = BBV(13.9 £ 4.2)
for P, 14 common events

SP2 = BBV(13.9 = 4.5)
for S, 24 common events.
In Table 2 'we present the events used, the P amplitude, and the S to P
ratio which is to form the discriminant. Starred readings in the Table denote
conversions to the standard ones using (2). In Figure 6 is plotted S to P ratio:

versus log of P amplitude.

DISCUSSION: PN VERSUS RAYLEIGH DISCRIMINANT

Figure 2 documents the complete failure of the Pn versus Rayleigh discrimi-
nant for the JAS data set. Note in Figure 3 that BRK, JAS, and MNV are all lo-
cated NW of the test site. Discrimination based on Pn and Rayleigh waves was
very effective at BRK and MNV, but nonexistent at JAS between these two sta-
tions. As Peppin (1S574) noted: the theoretical basis for such a discriminant
hasn't been unequivocally established, so perhaps the result should have been

expected. .

DISCUSSION: PG VERSUS SG ENVELOPE DISCRIMINANT

The discriminant shown in Figure 5, siri.ar to those based on the Lg phase,
appears to have promise and could certainly be refined following procedures
adopted by, for example, Murphy and: Lahoud (1975). The dashed line in Figure &
is a decision line (explasions below and earthquakes above with one exception,
#28 in Table 2). The dot-dashed lines are based on estimated uncertainties of
28 events for which the ratio could be obtained on all three char-els. Thus,
events inside the band delimited by these lines are not identified with certain-
ty. Of 68 events, 11 are unresolved and one earthquake is misidentified as an
explosion, Collapses, which overlap the two populations, are presumably dis-

tinctive enough as to cause no problem for identification by other methods. No
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Identifier Event No. P Displacement S/P ratio Comments

976 JUN 27 B727 1 16. 1.12* COLLAPSE
375 JUN 28 8348 2 14. 1.18* COLLAPSE
975 JuL 61 04561 3 12. 1.85 COLLAPSE
375 JUL A1 1814 4 39. 2.68 COLLAPSE
375 SEP 06 1788 b 22, 1.11  EXPLOSION
376 OCT 24 1712 6 67. 1.24 EXPLOSION 2
376 OCT 28 1439 7 76. 9.32 EXPLOSION
375 NOV 18 1638 8 12. 1.75 EXPLOSION
376 NOV 20 1608 9 1400. B8.59  EXPLOSION
376 NOV 26 1530 19 36. 1.47 EXPLOSION
976 JAN £3 19156 11 4200. P.48 EXPLOSION
376 JAN P4 D118 12 13. 1.26 COLLAPSE
376 JAN 04 1616 13 8. 2.40  COLLAPSE
376 JAN 18 B720 14 14. 1.76  COLLAPS~
376 JAN 21 1848 16 9. 2.11  COLLAPSL
376 FEB B3 6416 16 8. 1.33  COLLAPSE
/6 FEB 94 1420 17 480. 1.20 EXPLOSION
376 FEB 94 1448 18 416. 1.568 EXPLOSION
376 FEB 12 1445 19 1409. B.71  EXPLOSION
376 FEB 14 1130 20 33p0. #.63 EXPLOSION
376 FEB 19 1781 21 16. 3.97 EARTHQUAKE, AZ 125,
376 FEB 26 1458 22 8. 1.29 EXPLOSICN
376 MAR 09 14080 23 2003. 1.33 EXPLOSION
376 MAR P9 1666 24 16. 1.26 COLLAPSE
)76 MAR 14 1450 25 4469, B.45 EXPLOSION
376 MAR 14 1526 26 38. 1.22* COLLAPSE
376 MAY 12 1968 27 63. 1.18 EXPLOSION
)76 JUN B7 D835 28 13. 1.77 EARTHGUAKE, AZ 115,
76 JUN 19 1026 29 7. 1.71  EXPLOSION
J76 AUG 22 1914 30 6. 2.26 EARTHQUAKE, AZ @75,
)76 AUG 26 1438 31 143. 1.47 EXPLOSION
)76 DEC U8 1458 32 69. 1.12 EXPLOSION
376 DEC 21 1608 33 3l. 9.98  EXPLOSION
¥7/ JAN 13 P719 34 13. 2.69™ EARTHQUAKE, AZ 165,
3/7 JAN 13 2083  3b 6. 3.95 EARTHOUAKE, AZ 343,
Y// FEB 16 1763 36 b, 1.25 EXPLOSION
)77 MAY 31 1640 37 3. 3.67 EARTHQUAKE, AZ 334,
)77 AUG B4 1640 38 134, 0.86* EXPLOSION
37 AUG 12 p228 33 40. - 3.73 EARTHOUAKE, AZ 165,
/7T AUG 19 1755 48 471. 1.27* EXPLOSION
3/7 SEP 15 1436 41 18. 1.28  EXPLOSION
377 OCT 26 14156 42 31. 1.54 EXPLOSION
377 NOV 18 8236 43 14, 3.28 EARTHQUAKE, AZ 146,
377 NOV 17 1938 44 49, 1.18  EXPLOSION
377 DEC 14 1638 46 435. 1.13  EXPLOSION
)78 FEB 14 B435 46 16. 2.96 EARTHQUAKE, AZ B75,
378 MRY 23 0547 47 20, 4.45 EARTHOUAKE, AZ P45,
178 Juit 16 4921 48 64. 2.17  EARTHUUAKE, AZ 186,
78 QUL ©7 1428 49 24. 1.16* EXPLOSION
8 JUL 29 2232 50 52. 2.98  EARTHOQUAKE, AZ 058,
78 AUG p1 LvEz2 Ll 40. 3.87 EARTHQUAKE, AZ 245,
378 AUG U1 8947 b2 24, 5.2/ EARTHOQUAKE, AZ 345,
378 AUG B1 1926 B3 16. 2.21  EARTHQUAKE, AZ 345,
178 AUG 31 1488 54 1600, 8.67 EXPLOSION
178 AUG 31 2356 55 21. 8.56 COLLAPSE
J72 NOV B2 1526 56 32. 8.7  EXPLOSION
379 JAN 06 Bl2B b7 16. 2,565
3/9 JAN 24 1808 58 25, 1.39 EXPLOSION
Ju FEDG 22 K716 B9 8. 4.16
U PED 22 1557 6l 703, 2.54

© -BY CONVERSION TO JAMESTOWN SHuni PERIOD (SEE TEXT)

MAG

MAG
MAG

MAG
MAG

MAG
MAG

MAG

MAG
MAG
AG

MAG
MAG
MAG
MAG

4¢3|

4.1.
4.0,

3.8,
3.7,

3.7,
4.8,

RPN

332

D 392
D 366

(=} o o oo

QOoCo oo

378
377

338
421

348

365
434
378

388
397
397
397

EARTHQUAKE, AZ 76, MAG 4.2, D 365

EARTHRUAKE,, AZ OS5, MAG 3.5, D 218
EAXTHOUAKE, 24 €85, MAG 5.0, D 210

e s

P —— e vwﬂﬂl‘ﬁw"
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Table 2. Data for the discriminant based on the ratio of S to P envelope

amplitude.
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explosion is misidentified as an earthquake.

The following can be cited as distinct advantages of such a discriminant:
(1Y it is effective to magnitudes as small as can be seen on a high-gain,
short-period instrument, i.e., Tless.than ML 3.0 at regional distances; (2) it
is simple to apply; (3) it is reasonably easy to find an explanation as to why
it is effective; and (4) the quantity measured {s a ratio that probably depends
weakly on focal mechanism (many takeoff angles at the source contribute to Pg
and Sg), hence can be carried over directly to other regions without need of a
regional calibration. The discriminant should work because envelope amplitudes
should be a measure of S energy and P energy leaving the source. As a shear
dislocation releases about 10 times more energy in S than in P (Haskell, 1964),
it is expected to have significantly higher S to P ratio than an explosion in a
plot like Figure 6. This is the same reason given by Douglas et al. (1971) for

effectiveness of the Ms:mb discriminant.

CONCLUSIONS

The results presented here imply that the Pn versus Rayleigh discriminant
between explosions and earthquakes, proposed first by McEvilly and Peppin
(1972), can no longer be considered effective. A discriminant based on relative
excitation of the Pg and Sg phases is fairly effective, could doubtless be re-
fined, and holds the promise of extension to the 1lowest magnitudes possible
(less than ML 3.8 at regional distances). However, this analysis emphasizes the
need for theoretical understanding in some depth before empirical seismic dis-

cripinants can be usad confidently.
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FIGURE CAPTIONS

Figure 1. Instrument characteristics of the data traces recorded on analog
magnetic tape for the Jamestown wideband system. Curves 1 and 2: DHG and
DLG; 3: BBV; 4: SPZ.

Figure 2. Log of Rayleigh wave amplitude versus log of Pn amplitude. The
larger symbols denote standard measurements (see text) and the smaller ones
carrespand to any of the starred readings from Table 1. Number beside each
symbol 1is an event number from Table 1. "Collapse" events are the hole
collapses following many of the explosions on NTS.

Figure 3. Map view of the California—-Nevada region showing 1locations of
wideband station JAS and NTS (triangles), and the eorthquakes used in this
study (numbers correspond to table 2),

Figure 4. Sample of data to show derivation of the Sg-Pg envelope discrim-

inant. Envelopes are drawn about the Pg and Sg phases by hand, and the am-
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plitude of the envelope at roughly the phase onset 1s measured, the
peak-to—peak amplitudes "A" and “B" for Pg and Sg, respectively in the fig-
ure.

Figure 5. Plot of Sg to Pg amplitude ratio (Ratio of B to A in Figure 4)
plotted versus 1log of Pg envelope amplitude, the values given in Table 2.
The smaller symbols dencte starred readings from the Table. Dashed line is
the decision 1line <(earthquakes above and explosions below). Dot-dashed

lines delimit a region of uncertain identification (see text).

[6] IMPULSE SOLUTIONS IN A LAYERED ELASTIC MEDIUM:

EXTENDED LAMB'S PROBLEM

William A. Peppin

ABSTRACT

Johnson (1974) has presented the complete solution for displacements

str2ss2s  in an elastic halfspace rosulting from a localized im-

pulse source (Lamb, 1904). This paper extends Johnson’'s formulation

a multilayered elastic medium by presenting a solution in terms of

generalized rays, and like hi~ +his method is exact In the sense that

asymptotic expansion is ... ‘d.  Some sample calculations are

presented which compares the method with asymptotic ray theory (Wig-

and Helmberger, 1974), and which shows the importance of the

near-field terms in the analysis of real seismograms.

Introduction
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The purpose of this paperiis to extend Johnson's (1974) results
for the elastic displacements: resulting from point—force and
point-couple sources in a homogeneous, isotropic, elastic halfspace;
the methods used parallel his work closely (Sato, 1973a, b derives
similar results using another approach). The motivation for this pre~
sentation derives from recent emergence of excellent, wideband digital
data close to explosion and earthquakes sources and the development of
the seismic moment-tensor inversion method for source parameters (Gil-
bert, 1978; Stump and Jdohnscn, 1977; Stump,.1979). The formulation
presented here is not amenable to fast computation of such solutions,
and the reader who needs speed is referred to existing generalized-ray
codes following Wiggins and Helmberger (1974) or to the very fast WKBJ
code written by C. H. Chapman, J. A. Orcutt, and M. Reichle fol-
lowing Chapman (1878) and Dey Sarkar and Chapman (1978)., It finds ap-
plication in cases where impulse solutions are required very close to
the source (within 18 km), as near-field effects can be observed
strongly (see Section 11). Moreover, in many cases the asymptotic ray
expansions continue to be accurate even at close distance ranges.
Thus, a second motivation is to explore the need for the exact formu-
lation at these ranges. Only aspects of the mathematics unique to
this formulation are described below; the interested reader will find
all details in Peppin (1974) and Johnson (1874). In this paper equa-

tion number “nnn" from the latter reference is cited as "Jnnn".

2. Crgice of Cocordinates

Let a right-handed Cartesian coordinate system (X1, X2, X3) be
imbedded in the halfspace with the plane X3 = B coincident with the
free surface and with the X3-axis passing through the source, which is
located at (F, B, X3' = -h). Let unprimed and primed coordinates re-
present, respectively, receiver and source coordinates. Note that X3

is positive upward, unlike Johnson (1974); see Figure 1.

3. Statement of the Problem
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Assume a halfspace divided into homogeneous, isotropic, elastic
layers. These are numbered downward from the top layer, which is 1,
and interfaces are numbered downward fraom the top of the halfspace,
which is a free surface (interface number ©). Each layer is defined
by the four quantities a, b, r, and H, the P~ and S-wave velocities,
the density, and the layer thickness, respectively. A1l numeric sub-
scripts pertain to the layer number. A1l interfaces are assumed weld-
ed, so that displacement and surface traction are continuous across
them. Assume a source buried at depth "h" consisting of a point force

in the direction (fl1, f2, f3) (cf J4):

£(x,4) = (£, %2, £5) §(x.)§(xa) §(Xs +h)No (£)--- (1)

In (1) the deltas denote Dirac delta functions, the source is located
at (4, @, -h), and the source time history is No(t), taken zero for
all times t < &, The problem is to compute displacements at any point

on the surface of the halfspace in response to this source.

4, Notation

h source dapth (cm)
z s rt - €
3R ¢ p2 + q2 or a2 + w2, squared horizontal wave slowness
(sec/cm)2
No(t) time dependence of applied source
P9 wave slownesses in X and y directions (sec/cm)
r epicentral distance (cwm) N
) — - e L T -
® R Rayleigh's function (02 + 412nank) AL + 44 s ‘7;3
s temporal Laplace transform variable (sec)-1
Tid Cauchy stress; Jjth component of traction across the
b
plane perpendicular to the xi axis (dyne/cm2)
ull elastic displacement (cm)
AJ P-wave velocity in jth layer (cm/sec)
¥ g S-wave velocity in jth layer (cm/sec)
,n:gJ (1/7a¥2 - )Q).S vertical P-wave slowness in jth layer

(sec/cm)._}"""‘> %" - A

S e . e - - - - . T T — - -
t v . . .
e T STEERENR. T NS S VI - ']h o v andn

L
—
X
AN
)\0—4
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()PJ ‘eS e
:hai (1992 - ¥).6 vertical S-wave slowness in jth layer
(sec/cm)}-——a
ij}qq QB‘ /JJ Lame's elastic constants in Jth layer (dyne/cm)
™ Joj ‘ density in jth layer (g/cm3)
:DK1 gb counterclockwise azimuth angle from E, source to
receiver f—>
m}\e@a Q. nb2 - 12 = 1/b2 - 212 A -AT = Y —28"

5. Solutions in the transform domain Following dJohnson (1974) we
apply coordinate transformations to the Cauchy-Navier equations J1 and
the isotropic generalized Hooke's law (Mase, 1978, p 144) assuming in-
finitesimal strain (Mase, 1978, p 83). These coordinate transforma-
tions are defined belaow; they take time "t", "x1", and "x2" jnto "s",

p"s and "q", respectively. For any function "f" of these variables

we define

X, Xs Xs,5)

i

[ F0nx xs 1) et

o
e ¢ N t
f (‘x'i X’}' X3, t\ = z-.:'-_.J f'(xul‘l,xl; 3)C° c's
" -'[w
& ¢SPpAL
ra = 11 1 S C‘>(1
£ (P %s, X5 5) = | Fex, x e
v S - . _Ai"i :
o ¢ o . \ ol .—5-..', f {P;X2,X$)5)e C'P
%()\"'A;,X"‘ S N s g
k4
= o : - -‘F(f":x*, 3, . A Xy -
P, X5, 8) -
L S

—_ . o = Gk )
- (b Xs X s ) SR J f(P;Q,XQS)g Tk
f P 3 FAIR '

e

--{2)
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The requirement for solution of the .problem is that all of the trans-
forms defined in (2) - (4) exist and that the inverse transformations
can be computed on some contour parallel to the imaginary axis. These

conditions are met under J8 (see also Peppin, 1974, pp 157-158), The

result is nine equations in the transformed displacements uj and trac- NS
tions TLS__J‘. These are rearranged to separate P-SV from SH :erms (Pep~-
pin, 1974, pp 156-160 and 234-236). The result was presented in equi-
valent form by Gilbert and Backus (1866) and Chapman (1973):

t<C i)

. - \V I W oo e e
r - S:-L | ~ ot AV\// (<)
7
where - — —
'\;/—" - S(.f(i 503 ¢ by et 3) 3\’/‘\l— = © 5
Tss -t i
S «CiZ) o~ i i O t
— = ; N&(S\);S<XS fh) - - 1 e ‘
?7:5 S g -:z,w=3 -ty Sn% ~tp i3
. 2
S(f&l .;{AS "aocc;g (@]
EURISEL SN PR ~byces 3+ by Sas
— "_J am——
now 7
- < o  Yu  © < 1>
o o Ip i [ V] .
sin§ T /4
.\ .S L . ) .
Yeia Nz 28 ws ¥ 2 Y
‘f‘/?-/“ /A rf_‘) _"_,'}__ < ) < N
TARM Arip
o ) » < ‘//“
L‘
) < w 13 P M.fz ©
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In (6> V1 - V4 are the transformed displacement-stresses associ-
ated with the P-SV problem and V5, V6 are those associated with the SH
problem (see Peppin, 1974, 237-239). In general, this separation is
not possible in the (X1, X2, X3, t) domain.

To solve (5 for V the method is to: solve above and below the
source; set conditions joining together the solutions above and below
the source. First, note that solutions of (5) can be taken conveni-
ently as a linear combination of the eigenvectors of the matrix M,
Chapman (1973) has presented these and the corresponding eigenvalues

in terms of vertical wave slownesses

where "c" is a ar b.

The six eigenvectors and their associated eigenvalues are as fol-

Tows:

eoJLdvulug [;ftd.tk+u.

~ T« T ( Ay A T ‘/‘“"‘ ¢, )"
R O T P
- ,‘F -~ - v‘a""{.ﬁ
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|
where _(].. = ‘1[6 _j N

A (Briega’= nb2 - 12.)—*

Peppin (1974), pp 2409-245 shows that A, B, and C are upward-travelling
P, SV, and SH waves while D, E, and F are downward-travelling P, SV,
and SH waves., Thus, we solve (5) above the source in terms of :é, _E.
and_g, and below the source in terms of,g. E. and‘f. That is, we seek

constants K1, K2, and K3 such that above the source

C ~sys(xs+h ~
< Srjlg(x_,f- ) -*—(8)

3
A

-sifx (X5 +h) - 53 (kg th) .

:K)ﬁe t KZEe

and constants K4, Kb, and K6 such that below the source

BUNEIT

— Stz xs o stig (ks ) .
V - KgDeE t KS'E(;)”/"Z()‘ M,T‘K Fe' ! "’(qJ

6
i 4

-~

Substitution of (8) and (9) in (5) shows that these are valid solu-

Yo,

tions for ?1, V3. and V5 for any value of the constants "K". To find .
these constants, note that Gg. 94, and Vh. the transformed stresses, 1=
suffer discontinuities dve to the presence of the delta function.
Thus, from (5) -
= . 1.V — W, cd X
g, s [ s(EeY), e Wy ] etk
bt § - = = o
= s(‘f_'“f)l“"wlld)\"'
/.)V; - -
-
_L\f‘.S — , R " o \. 2t B LC
- vV, dAg for oo fi .
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~ _ e - - (‘0 :{)
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Thus, inserting (18) in (5) to match the solutions above and below the

source
4= Wy &y = O
(] = - +S N'.;(A)
£y = O
Ee = -(f.*“f-r“,waf)l‘:lv(i)
S
-+ KG Fy = 0
== -(h,.wf~ 3 l—c"—'.f)N {&)
I((, Fé
o)
- (12)

e ('3)

b




PAGE 33

where - - (F' Sinf o+ fz C“UY)

"

i

_(f2 ST - f, cos %)
- £y,

N 4
o

The solutions (8) and (9) to (B) are obtained be inserting (12)
and (13), If the source 1is on an interface, (12) and (13) do not
apply, and we would have to return to (l1) and solve with differing

source properties above and below the source.

6. Solutions at the Free Surface

A1l solutions presented in this paper assume a buried scurce and
a recefver placed on the free surface., The cundition to be set is
that the tractions V@,'?f, and 56 vanish there, The three cases to
consider are: incident P, SV, :r SH. Notation used is given in Fig-

ure 2. With these definitiaons, we see far the P prablem that

(xg:0) = A + FOu2D PO E --- (14)

A<

With the transformed surface tractions V2 = V4 = @, we find that
P .o P i.
TR . ~nt SA LN s re.,, = "”l'ﬂ‘(""”;:) z
- - Ty - 9 -t
W —--(15)

R = ._n_z' + /«f-fzq“ﬂ/g Rey laigh's fouctica

For the incident SV problem we find qug = POﬁi, POE? = quﬁ. Thus,
from (14) and similar relations for SV and SH we find that the inci-
dent displacements are modificd by interaction with the free surface
through multiplicative factors. The transformed solutions at the free

surface apart from the exponential factors in (8) and (9} are
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In (16) "Kj", §J = 1 to 6 are the source factors from (12) and (13);
all elast;;‘properties and vertical slownesses depend upon the proper-
ties of the source layer in these expressions. In contrast, all elas-
tic properties and vertical slownesses appearing in (16) apart from

the Kjs depend on the properties of the uppermost layer. Note how
[

(16) shows complete separation of the effects of source and receiver:

in this problem.
7. Shift to Polar Coordinates in the Transform Domain

A final step is necessary before inversion to the desired dis-

placements. Note that 71 and ?E are not the transforms of physically
[

useful quantities® see (5). To rectify this, DeHoop (1961) suggests

a shift in the transform parameters as follows:

p =2z acosg - b‘s.’«uyﬁ }] --- (1)

& Siagp -+ bcos¢

.
i

i
¢
where "pKi" is the polar angle of the line from source to receiver
measured from due east (Figure 1). This simplifies the inversion in-
tegrals, because under (17 N
—spﬁil—squ = ~sprccs(§Ki) - sqrs1n(ék1) = -sra
- - and

dpdq = dadb,

Now define longitudinal and transverse components in terms of previ-

ously—-defined quantities:
i St
fooz 4, cex ¢ + £, sind
.. - . N GPARAN 2
fo = - boudeg 7T Fs ¢ - ((S‘)

o e g Sael D
L‘r = Lt (,L‘.)(f r . ¥

AA o = - A, SIV’¢ o AU 2. C(.‘_i¢»

Vi
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vwhere radially away from the source and transverse to the right look-

ing at the source from the receiver are taken as positive. From (17),

) (18), and (5)
L. A - (V@ -vsh) /st
,59 = (\j, b "r-‘\‘ys-d)/if :
- (19)
h (H - ML (s)(ats + bte)/l
T = - N.s)(afe - bF)/L

At this point, apart from the modifications needed for computing
an arbitrary generalized ray, the method follows Johnson (1974) at and
beyond J28. The cnly éignificant difference up to this point is that
the SV and SH waves are here separated, while in Johnson (1974) they
are not. The separation is required in the multilayer case because SV

and SH reflection-transmission coefficients differ.
7. Inversion to the Time Domain

We present here specific formulas for the halfspace case; the
modification of these to arbitrary generalized rays is easy (see
below). Applying (18) and (19) in (8) or (9) using (12) or (12) ai~
lows solution in the transform domain for (ur, utkzta. Hi)' To these X
apply inversion integrals (3) and (4). Shif{u the integration vari-

ables from dpdqgq to dadb. The result at the free surface got using

(16) is
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o
) A A
where f = (fr, ftheta, fz), P is similar to M 1n J16, and where SV + (.
A — e e — - = =
SH is similar to N in J16, i.e.,
—— — fl
/,\ ' " Iy { - 1
P oz — | 2o’ zabes 2] H8
= )
2abils 2b s 1hdat]3
na h iy
. " - N . ” —
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N .. | . ‘
sH = "h—l“‘ 6; - b o | ')
= i 2 | !
. ) C(‘J Q < i "
| i
o o w /
For any specified source type, the integrals (28) must be reduced
to a standard form. Here we show the reductions explictly for a
sgurce of type (1), The integral over "a" is reduced by the principle
.\x:'
of reflection (Peppin, 1874, pp 246-247) to the dgmain [Z,i\')zf). Then X
(S
we shift the "b" integral to the real axis (b = ig), on the domain [@, X
). In this new domain we discard all terms in the integrand that X
t .
are odd in s, The result for the halfspace case is X
» _ I\‘j (s) P o e ¢ - sva = SHh
~ ~ : . . . . oo
(,.(,( , MU /ué ) t - 3___,2‘____ J LM _P - - (=g (‘l(( Ll(: +
' ’ rr /q o) o -

"

. , .u‘ P ‘)‘ ,
jdl—— j V. { g"’\“" sl]f 1(«4‘-'4‘16 -
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e dacle | (22)

+
—
ki
2
A e N
P
1
154
€ =




PAGE 37

(4
vhere P, SV, and §ﬂ are derived from (20) by substituting b = i and

A
dropping all terms odd in this new integration variable.

Now shift the inner "a" integrals in (22) over to the real vari-
able "t" which has units of time:

t = ar + f.h, ¢z %o f8 - - (23)

]

This deforms the contour of integration from the imaginary axis onto
the Cagniard-deHoop contour, which runs along the real "a" axis, then
steps into the first quadrant before it reaches the branch point at
T}gﬁgﬁf = @ on the real "a" axis. The deformation requires that no sin-
‘ gularity lies between the two contours, which is true as long as the
source is below the free surface (Peppin, 1974, pp 255-258)., Under

this variable change, the first integral in (22) becomes

(73

N (s) [ - de - .
sN. () IME Pt -'3} e?tutde - 24)

dt

It is crucial for the method to note that in (24) the lower limit
of the inner integral "tmin" always exceeds zero. This is true be-
cause for a range of values t > @, real values of "a" are required in
(237, so that the 1integrand 1in (24) has no imaginary part.
Physically, "tmin" carresponds either tc th=2 Fermat arrival time

——
(where the Cagniard-deHoop contour leaves the real axis) or to the
earliest headwave arrival time (contour encounters a branch point
along the real-"a" axis corresponding to a zero of an B¢ not appearing
explicitly in (23)). For the halfspace and other special cases,
“tmin" can be given explicitly (see J28). Thus, because "tmin" is po-
e —
sitive in all cases, when in (24) we invert the order of integration,
the inner integral (now over e) extends to a bounded upper limit. A

second crucial requirement is that "tmin® is monotonically increasing
E » ot

in e", or e¢lse this order reversal cannot be accomplished simply.

"\

Ve

v
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This point is explicitly true for the halfspace case (see J27) and can
be proved for the general case as well (see below). Under this furth-

er change, (24) becomes

Tl"‘/u .

<o

~no
If Ng(s) is 1/s, then Ng(t) is H(t), the Heaviside step function. In

this case the factor "s" is contained only in the exponent of "e" in
(25), so that the time—domain results we want consist of the integrand
of the “t" integration in (25). Thus, the time~domain inversion of
(28) for a step-function source is
. i (t) {a .
T P .t <= Ldée +
(44r’14c,112) Y [:‘J T g»é v 4t } ¢
o
v it) S v, f _*__§ cle +
+ J Ivﬂ — ~ g t
0 -
€ (£) g sip. f :L.} AdE| --- (24)
+ j T o — ~ Jdt

[y

The form (26) implies that the displacements can be computed at
any spacified time through real quadraiiures. Once the desired time
"t” is specified, we compute fhe upper limit e(t) in (2613 see below.
Then to evaluate the integrand at a submesh point {zi“. we solve for

"a" in (23). A1) expressions within the integrand are functions of
9

"t", 1%%.. and the value of "a® Jjust found.
8. Generalization to Higher-Order Sources

The displacements resulting from higher-order force moments,

equivalent to spatial derivatives of the above fundamental source with

A

A
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respect to source coordinates, can be obtained as suggested by Johnson
(1974). Suppose that we differentiate the equations to be transformed
with respect to source coordinates X1' or X2'. Then this source deri-
vative would be applied to (1). Notice that an increase in source
coordinates is equivalent to a decrease in receiver coordinates by the

same amount. Thus,

_2..- ——a‘-“ "‘)22

- - - ) J - ’
o X Ea)‘) S

"\

Under (3) and (4) the unprimed (receiver) %} and &E derivatives 1lead
to a multiplicative factor ~sp and —-sq, respectively, which shows up
in the source term of (5). Thus, the primed X1 and ng(source) deri-
vatives multiplicative factors +sp and +sq ithhe source term of (B5),
so that derivatives with respect to either source or receiver coordi-

nates X1 and X2 modify the solution by introducing the above factors

L I}

in (21), For each such derivative another factor of s is

introduced; thus, to effect Cagniard-deHoop inversion leading to

(26), we must modify No(t) to eliminate any accumulated multiplicative
(™)

factors of "s" outside the exponent in (25),

Consider derivatives with respect to source depth. It is conven-
ient to carry that differentiation through to (8) and (8) and take
this derivative explicitly. For upgoing rays, noting that the deriva-
tive we want is

d7d(-hy, «si].  -idffc
ve multiply the solution, hence (22) by +§Qc and -s)c for upgoing and
downgoing rays, respectively (c =>q or ¥,
“« f

Thus, to proceed to any higher-order source, introduce 1in (22)
one such factor for each derivative, drop all terms odd in "b" from
the result, and proceed exactly as above to a real-valued quadrature.
Rather than present a 1ist of these solutions, the reader can see most

easily how these derivatives are introduced by studying the relevant

—d
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subroutine for computing source, receiver, and source-derivative fac-

tors: see the Appendix.
8. Modification for an Arbitrary Generalized Raypath

Formula (26) can be used with slight modification for the case of
an arbitrary raypath, as shown in Figure 3. In this case we start
with the integral for SV leaving the source downward (the second in-
tegral of (26); the factor KEJin (12)). Cisternas et al. (1973) B K
show that propagation along any realizable raypath can be accounted
for in  the transform domain by products involving the
reflection-transmission coefficients for each interface interaction
and exponential decay factors dependent on the vertical layer thick-
ness traversed (this is the distance-decay factor). The results for

the ray shown in Figure 3 is to replace the factor

+ S (X th)

€

in (9) with
. i, (nor iz k) sty Hy ~ i H,
S,‘_,; 5124- c ___(27)
where S212 and S141 are the corresponding reflection—transmission £ 1 Szia

coefficients, and where single subscripts pertain to layer number.

Thus the integrand in (28) wili contain the added multiplicative fac-

Sz 9.4 },
tor (S2125124) and (23) explicitly becomes 4
A
T AL IR D E N I C R (25)

Note that (23) can be solved analytically for "a" (see J31 and
J32), but (28) must be solved numerically for "a". For real values of
"a", (28) sometimes has two real roots; the smaller of these 1s

taken.
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Thus, the procedure is ts specify all of the generalized raypaths
of 1interest, introduce the corresponding reflection-transmission fac-
tors of each generalized ray in the integrand of (26) and proceed to a

real-valued quadrature as before for the halfspace case.

Note that most of the time spent in numerical evaluation of such
integrals 1is in finding the complex roots of (28). Also note that,
for complicated raypaths, the kinematic and dynamic groups must be re-

cognized, as a single member of such a group has no physical meaning.
18. Numerical Aspects of the Quadrature in (26)

In (26) it remains to discuss the computation of the upper limits
of integration. These must be computed at each time step. The topol-
ogy of the domain of integration involving these limits is shown sche-
matically 1in Figure 4. The shaded regions in the figure denote re-
gions of e-t space that contribute to the integral; for a specified
time the domain of integration is a vertical line from the e = B axis
at that time to the upper limit of the shaded region. Suppose we de-
sire to compute the integral at time "tp" (see the figure). Then the
three limits ﬁi' e2. and e3 must all be knawn. This 1is because the
integrand in (26) contalns- bounded but infinite-slope singularities
at e£ and gg: a square-root singularity at g§. To achieve sufficient
accuracy (1 part in b9@,800), the integral is subdivided into regions
between th232 limits., A simpls2 change of variable 1is sufficient <o
eliminate each part of the integrand that is non polynomic (Peppin,
1974, pp 192-194).

The headwave limits Tike elland e2 derive from analytical formu-
las 1like the second of J27 w1£; the ozbious extension to the multila-
yer case (i.e., solve for e in (28) for which )2 Ttﬁaé. and this the x
corresponding headwave slowness is less than any of the slownesses ap-
pearing in the :cQ%>of (28)), The Fermat limit e3 can only be given

explicitly (first of J27) for rays in which only one vertical slowness

e ¥ T - . ———— . TT—
PO N Ao eneitiode coditer, & el

e, id
i €,
- €3
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nc appears in (24), such as internal layer reflections in addition to
the halfspace rays. Otherwise it is found as the value of e which sa-
tisfies the expression corresponding to (28) for the given time tp and

which satisfies the saddlepoint condition

jé_}; = O
d «

Peppin (1977) shows that these two conditions are met for the value of

ﬁ{" satisfying
N .

BU) = (-2 %)(?lf *h/,zl:)— r* = o ---(z4)

J‘;(

where the sums extend over each distinct vertical slowness in expres-—
sions like (28) for a particular generalized ray. The zero of BQX) is
easy to find numerically; only one real root exists <(Peppin, 1977).
Substituting this root in (29) permits solution for "a", then for the

. —
desired upper limit as (af@ -~ MW2)1/2.

ES o3 Y2
o i (a*-£%)

A second aspect of the numerical calculations is that the gener-
alized reflection-transmission coefficients must be known. These are
provided by Chapman (1973). The computation of these can be labori-
ous, consuming up to 25% of the total processing time required. To
make a run involving 25 generalized rays in a fairly complicated layer
stack, 100 seconds of CYBER176 time are required for close—-in calcula-
tions (at distance this can be reduced by an order of magnitude).
Many possibilities exist to shorten this processing time considerably,
but these have not been fully explored because of the existence of
much faster, approximate methods such as the WKBJ method of Chapman
(1978),

11. Numerical Examples

A computer program MEXEC, written in FORTRAN, evaluates (26) for

m

x 2

A~
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any generalized raypath. The source is specified in terms of an arbi-
trarily-oriented point farce (1) or of spatial derjvatives of this
source with respect to source coordinates. The subroutine appearing
in the Appendix 1s written to accommodate extension to higner-order
sources., In the current version of MEXEC ten components of ground mo-
tion are computed; they are the canonical source components of Stump
and Johnson (1977) and Stump (1978). Any point source can be ex-
pressed as a linear cambination of the canonical sources through the
seismic moment tensor (Stump, 1879): these scurces are the starting
point for Stump and Johnson's procedure to invert seismograms for
fault parameters. Output of the code has been checked against the
calculations presented by Johnson (1974) for the halfspace and by a
modification of D. V. Heimberger's code for asymptotic ray calcula-
tions of the canonical sources (Walt Silva, personal communication,
1983). MEXEC runs successfully on five CYBER-based systems and on one
32-bit system.

A. The Importance of Near-Field Motions

In Figure 5 are presented dispiacement seismograms recorded on a
wideband digital system (Peppin and Bufe, 1988) close to the hypo-
centers of two sizeable earthquakes. Also shown are predicted ground
motions computed by MEXEC <or a halfspace. Note in the figure the
distinct ramplike motion between the P and S phases. This 1is the
near-field motion which disappears at distance from the source,
tecause thzoretical and observed traces are sa similar, 1ittle doubt
vemains that we have correctly identified near-field motions in these
cases. Such motion has been observed on hundreds of displacement se-
isnograms take within 22 km of the source (Peppin and Somerville,

1882).

B. Comparison with Asymptotic. Ray Theory

How significant an error is made by the utilization of the much
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faster (factor of 5@) asymptotic ray calculation?  In many cases, al-
most none as we shall see. A test run was made for a source depth of
8 km, a receiver distance of 32 km, and a layer thickness of 32 km.
The results agree quite clasely for all of the ten canonical source
components except the transverse ones. Figure 6 shows a comparison
for strikeslip sources and Figure 7 for dipslip ones. The disagree-
ment  between the two formulations 1is significant only in the
near—field part of the transverse components: asymptotic ray theory
produces no near-field term. The data in Figure 5 require these terms
to explain the observed ramp between the P and S phases. Note,
however, that the step offset on the transverse compaonents (the
"far-field" term) agrees quite closely in spite of the discrepancy
suggested by the figure (for drawing convenience only). Alsc note
that the differences between the two theories are emphasized in that

the calculations shown are for a ramp function source.

C. Source Below a Layer

Finally, consider the case of a source below a slow, soft 1layer.
In Figure 8 we compare radial and vertical compaonents for strikeslip
and dipslip sources. Notorious is that: (1) the strikesltp source
first wmotion 1is impulsive and the dipslip is more similar to the he-
adwave onset SPS, seen clearly on the strikeslip components; 2>
first arrivals are more dominant on the vertical comporents than on
the radial ones; and (3) a long-period arrival, probably an interface
wave, begins about 4 1/2 seconds after the origin time. Compare the
complexity of these traces with the explosion source of Figure 9,
Generally, S ‘eaving the source renders the seismograms much more com-
plicated. The calculations for the ten source components required 15

seconds of CYBER 176 time to compute.
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FIGURE CAPTIONS

Figure 1. Illustrates geometry of probiem. Source is at "3", at a

depth "h" below the free surface X3 = f. Receiver is at epicentral

L] " L]
.

distance "r phi® {s measured counterclockwise from east.

Figure 2. Gives notation for three problems P, SV, or SH incident at
free surface. The factors P0ij are the reflection coefficients at the
free surface. Wavy lines denote travelling S-waves, straight 1lines

denote P-waves. Vector notation is defined in (7).

Figure 3, The particular ray described in text. Leaves source as SV
in the second layer, converts to P on reflection, and transmits to

free surface as P. Epicentral distance is "r", source depth is "h".

Figure 4. Description of domain of integration (shaded) for a gener-
ajized ray sucn as shawn in figure 3, with two headwaves, arrival
times tH]l and tH2, and a Fermat time of tF., The true diagram appears
as tne small one above (each front monotonically increases with t).
For clarity the vertical scale is reduced to an appropriate slowness
and expanded 1in the larger diagram below. Let the time "tP" be se-
lected at which to perform the quadrature. Then the domain of integ-
ration is the wvertical strip at tP covering the shaded region. As
descr -ed in text, we subdivide the doma2in into threc separate inter-
vals wusing the limits el, 2, and e3. Times tC2 and tCl are the he-

adwave cutoff times beyond which the headwave fronts have no physical

.- .y
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meaning. The Fermat integral extends to all times (area under curve

labelled "tF" in top, smaller diagram).

Figure 5. Theoretical versus observed displacements for twa earth-
quakes (left: 26 May 1989 1925 GCT, Mo 2E22 dyne-cm; right: 26 May
80 1857 GCT, Mo 1.7E23 dyne-cm). The epicentral distance and the
focal depth are each about © km for these events. For the smaller
event a rise time of @.15 second is assumed, and for the larger event
a rise time of 9.45 second. The observations are clipped after onset
of S on the larger event. The "near—field terms" give the prominent

ramp between the P and S. Synthetics assume a halfspace.

Figure 6. Radial, transverse, and vertical-component strikeslip seis-
mograms for a source in a layer 32 km thick. Solid traces: this for-
mulation; dotted traces: asymptotic Cagniard theory (Wiggins and
Helmberger, 1974), Rays incliude the directs (P, S), the free—-surface
headwave (sP), and the first multiples (PP, PS, SP, SS). The vertical
bars give amplitudes of 2E-25, 5E-25, and 1E-25 cm, respectively, for
a source with a strength of 1 dyne-cm. Source time function 1is a

ramp.

Figure 7. Same format as Figure 6 for a dipsiip source; radiatl,
transverse, and vertical components. The vertical bars are 1E-25,

1E-25, and 2E-25 cm for a source as in Figure 6.

Figure 8. For a source below a soft, slow layer 1 km thick. Left:
strikeslip radial and vertical; right: dipsliip radial and vertical.
Raysum includes all directs and first muitiples arriving before the S
wave., "SPS" is the headwave associated with the direct ray SS, the
S~-wave. The source depth and receiver distance are 1.3 and 8 km, res-
pectively. the layer velo~ities and density are 1.7E5, 1EB, and 2.0
cgs, and the halfspace velocities and density are 3.34Eb, 1.95EH, and
2.7 cgs. On each trace the bar represents 1E-23 cm of displacement

for a source with strength 1 dyne-cm. Source time function is a step
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function, and the height of the spikes are conditioned by the sample
interval of 0.02 second.

Figure 9. Same format as Figure 8 for the radial and vertical compo-

nents of an explosion source. The bar is 1.5E-23 cm for a source of

unit moment.

[7]1 SEISMIC DISCRIMINATION USING ONLY PN

William A. Peppin

SUMMARY. Using wideband (B.84 to 10 Hz) data recorded at the four Lawrence Liv-
ermore National Laboratory stations, two small Nevada Test Site explostons (12
May 1976 1968 GCT; B1 Nov 1978 1526 GCT) provide Pn data for this study. Using
vertical and radial components, the seismograms were inverted for the seismic
moment tensor. For each event, the moment tensor elements have significant di-
agonal components, giving correct identity of them as explosions. Moreover, a
"master-event” procedure indicates thet if one event is presumed to be an explo-

sion, then the other event is similarly identified with high confidence.
Introduction

In view of recent movement tuward a test-ban treaty involving seismic moni-
toring at regional distances, it is timely to evaluate new methods for seismic
discrimination between explosions and earthquakes using regional seismograms.

The recently-developed seismogram-inversion method of Stump & Johnson (1977) is
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1 - APPENDIX. Subroutine to compute source and receiver factors, together
] with spatial derivatives of the Green's functions.
j Variable Names:
f ‘A rotated horizontal slowness “a" in (17)
4 B . .rotated horizontal slowness "b" in (17
E ¢, where b = ie below (22)
( CL combined horizontal slowness "£" in M of (5)
! ETAA  vertical slowness n, in 6)
. . ETAB  vertical slowness ng in (6) ~ = ; :
" ETA-S vertical slowness at source, "-" is a or B °
_ FOR(J) source factors for point force in direction_xj : te
\ GIJK Green's function derivatives with respect to ~ X'. (see Johnson, 1974)
LAYER layer number containing the source J :
’ OMEGA & defined below (7)

RALEY Rayleigh's function defined in (15)
RECEIV(J) receiver factors for radial, transverse,
at the free surface

and vertical components

This subroutine returns the 14 non-zero Green's function derivatives
93,k which are combined via another subprogram into the canonical sources.

" Studying this subroutine, the generalization to other problems (e.g.,
F higher-order sources; solutions within the medium) is straightforward.

SUBROUTTNE G3(L80yCAvE s RFLAG SFLAG)
COMPLEX L8QyCA

COMPUTE GIJsK AND RETURN THE 14 NON-ZERD QUANTITIES
THROUGH COMMON ELOCK /GREEN/. THIS COMMON BLOCK 5
SHARED BY FUNCTION %V3% ANID SUBROUTINE KROMBAN .

COMMON RLOCK /SURS/ 16 SHARED WITH CONTOZ. DATIT2 0 2y
ROMCLEC » RTCOER » XFER .

oonoaOo

COMMON ZGREEN/ ETAR ETOASyETARsETARSyGUALLyGL11+G131y
+ G2219G311,0331,0122,0212,6232,G322,6113
COMPFLEY ETAASETAASFTAL -ETARG G111 6131
: P2e0113yG133,G223.0G3 { i
o COMMON /SURS/ ALEPHAC(7) »BETAC7) yCHTORS » COEFFS(20) yCOSTHFLAGs

g 1 + INTYFE s JTYFE (20) y KROOT y KRT o Ly LAVER L ISTFL » LLROMEy
! + NFNC(KO)rNEWH(30)vNENNrNEwNLvNJTYPEvNLIS1(20);PROU;PU(7)v
§ & + RvHHU(7)rﬁUOTrSHEﬁRlvHINTH;TyTCTHﬁRvTFFRHTvTOREMEvTSTHURrL;

sG133e 622363136333
fB221,6311 63310
0 (

]

-
v

b G122:G212,6232,06322

w37 AUALTTY PRACTICAENS

ar

1S PAGE IS B
w wn FULA

1500 T0 w&

& | + URDMEUSO» XS0
2 3 REAL Lo LROMBsNEWE y NEWH
L COMPLEX COEFFSsFRODy ROOT
INTEGER DERIVLA) »FORCE (14) yCOMP(14) '
COMPLEX ErCLyDERC3) yFACTORyFAC2 FORC3) s OMEGAy RALEY yRECETV(3) s
g + TEMP(14)
=S EQUIVALENCE (TEMFC1) 61110y CTEMP(2)»B131) » (TEMICA) 2 GR21)
: b CTEMFCA) »G311)y CTEMF (5) 2 G331y CTEMF (&) » G122 » (TEMF7) 5 G212) 4

' + (TFMP(B);GQEE)V(TEMP(?)99322)v(TEMP(lO)vﬁl]B)v’TEHP(11)76133)v
i + CTEMPC1I2) v6G223) » CTEMPC13) p G313 » (TEMF(14) 2633350
i UATA DERIVIFORCE sCOMP/Lylelolylsld

e e BeAr 30303 vle3e20 L3y
+ 2ol o392y 193929l 3vleleZe3e30l ey e By lele2eRe3/
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CL=C8ART{(LSQ)

B=(0.v14)XE

DO 30 J=1v14
30 TEMF(J)=0,

= M o

PRI S SSRGS

COMPUTE SOURCE FACTORS

i raiina

IF (SFLAGNE+ 1,360 TO 1

F UF FROM SDURCE

o000 Oon00

; FACTOR=1,/C8ORT(2. *RHO([AYER)*ETAAS)
FOR(1)=-CAXFACTOR

| FOR(2)=-BXFACTOR . . - -

{ FOR(3)=-ETAASXFACTOR

{ GO TO S

! 1 IF(SFLAG.NE.3.,)G0 TO 2

F DOWN FROM SOURCE

aaoo

FACTOR=1./CSORT (2 . XRHO(LAYER ) XETAAS)
FOR(1)=-CAXFACTOR
FOR(2)=~BXFACTOR
. FOR(3)=ETAASKFACTOR
’3; GO TO 5
IF(SFLAG.NE.2.)G0 TO 3

{8

SV UFP FROM SOURCE

aono

FACTOR=1,/CSART (2 kRHO (LAYER) XETARS)
, FAC2=FACTORXETARS/CL
! FORC1)==(04v1.)KCAXFACS
i i FOR(2)==(04s 14 YKBXFAC2
FOR(3)=(04 1. )KCLAFACTOR
\ GO TO S
| 3 IF(SFLAG.NE.4.)G0 TO 4
|

SV DOWN FROM SOURCE

aoan0n

FACTOR=1,/CSQRT (2 kRHD(LAYER) XETARS)
Fac=FACTORXETARS /TL
FORCL)=C(Q.» 1. )XCAKFACR
FOR(2)=(0,. 21+ )XBXFAC2
FOR(3)=(0. 91 XCLXFACTOR
GO TO ©

4 IF(SFLAG.LT.4.5)G0 TO 35

c
C SH AWAY FROM SOURCE
C .

FACTOR=CLXCSORT (2. XFULAYER) XETARS)
FORCL)==B/FACTOR

FOR(2)=CA/FACTOR

CONTINUE

4
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RECEIVER FACTORS» ONE FOR EACH VALUE OF XIX.
IF(RFLAG.NE.1.,)G0 TOD 6

F UF AT RECEIVER

OMEGA=BETA(1)-2%LSQ
RALEY=0MECAXOMEGA+4 . X..5QXETAAXETAB
FACTOR=1,/ (SHEARLXRALEYXCSQRT (2. XRHOC1)XETAA) )
REGEIV(1)=-FACTORX4 . XETAAXETARXCA
RECEIV(2)=RECEIV(1)XB/CA
RECEIV(3)=-FACTORX2.XOMEGAXETAA
GO TO 8

6 IF(RFLAG.NE.2.)G0 TO 7

SV UF AT RECEIVER

OMEGA=BETA(1)-2.%L.5Q
RALEY=0MEGAXOMEGA+4 . XL SAXETAAXETAR
FACTOR=1./(SHEARLXRALEYXCESART (2, ¥RHO(L)XETAB) )
RECEIV(1)=FACTORX (0. 2. ) XOMEGAXETABXCA/CL
RECEIV(2)=RECEIV(1)XB/CA
RECEIV(3)==FACTORX(O. 4. )KCLXETAAXETAR
GO TO 8

7 IF(RFLAG.NE.S5.)G0 TO 8

SH UF AT RECEIVER

FACTOR=2,/(CLXCSART (2. ¥FUCLIXETAR) )
RECEIV(1)=-R¥FACTOR
RECEIV(2)=CAXFACTOR

8 CONTINUE

SET UFP FOR CORRECT SPATIAL DERIVATIVES
"ODER" CONTAINS FACTORS FOR DERIVATIVES WRT SOURCE
COORDS XsY»AND H. "SIGNUM"™ SET NeEGATIVE FOR UFPCOMING

. WAVES AND THE "H" DERIVATIVE,

DER(1)=CA
NER(2)=R
NER(3)=ETAAS
IFC(SFLAG'NE.1.) .AND.(SFLAGNE .3, ))DER(3)=ETARS
D0 20 J=1,14
SIGNUM=1.,
IF(L(SFLAGWEQR3.) s DR (SFLAGER+4,) s0OR (SFLAG.EQ+64)) «AND,
+ (DERIV(J).EQ.3))SIGNUM=~1,
IF(SFLAGJLT.4.5)60 TO 21
IFCCIaNE 1) o AND CIoNE s 3) s ANIN (I NE L 8) AND. (JNE 7)) JAND .,
+ (JaNEL10) +AND, (JNEL 12060 TO 20
21 TEMP (D) =RECEIV(COMP () ) XFORFORCEC D) XDERC(DERIVCI ) XS IGNUM
20 CONTINUE
FACTORS GIJK RETURNED THRU COMMON (EQUIVALENCE TOD TEMP)
RETURN
END
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ideal in two ways for this problem: first, the method produces a complete set
of source time functions, one for each compgnent of the seismic moment tensor
Mij(t), and second, confidence analysis is introduced naturally in the calcula-
e

tion, .ne decision as to the identity of an event involves examination of the
trace M1l + M22 + M33, 1If this quantity is large relative to the off-diagonal

—_— =
components, the event is identified as an explosion. “Large” can be defined to

suit the criteria of the analysis.

I describe an effort to invert the seismic phase Pn for the moment tensor.
Two explosions are considered: 12 May 1976, 1958 GCT, ﬁ5v= 4.6, and B1 Nov
1978, 1526 GCT, ﬁ& = 4,3, The events are selected because they are fairly small
and because appropriate seismic data is available. Seismic data analyzed con-~
sists of the radial, transverse, and vertical components of ground motion re-
corded by the wideband Lawrence Livermore National Laboratory (LLNL) stations
MNV, 288 km NW, ELK,, 48@ km NNE, KAN, 358 km ESE, and LAN, 359 km S of the test
site. Several considerations motivate the use of Pn alone in the analysis: (1)
as it is a first arrival, it should be a relatively simple phase to synthesize
at regional distances as compared with, say the complex Pg phase; (2) it sam-
ples a small con=z of incidence angles (i.e., near a phase velocity of 8 km/s),
so provides a somewhat standardized sampling of the source; (3) it is seesn at
great distances in Asia where discrimination is of interest; (4) at Jow-noise
sites, magnitude 4 -evencs can probably be investigated out to 1,009 km using
this procedure; and (5) as it 1s mainly a deep-crustal phase, we can suppose it
escapes some distortions caused by near-surface lateral variations. The disad-
vantages are that Pn is a small-amplitude phase and that it 1{s not a direct
wave. A3 « recfracted wave it is sensitive not only to first-order velscity var-—
jations, but to second-order ones. In spite of these difficulties, the results

obtained appear quite promising.
Method of Analysis

Data for the two explosions, recorded on analog magnetic tape (FM mode de-

. > - - ——
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viated 40%) was digitized at 58 samples/s after application of an anti-aliasing
filter at 18 Hz. Windows 2.54 seconds long, tncluding only the Pn and its re-
lated phases, but excluding direct arrivals such as PMP, were selected at the
four LLNL stations. For 12 May the data traces used were: radial, transverse
and vertical (R, T, 2) at MNV; Z at KAN; R, T, and 2 at LAN; Z at ELK. For
B1 Nov the same.traces excepting the ELK vertical were used. The data was con-
ditioned using a 19% cosine taper. In order to apply Stump & Johnson's (1977)
procedure, we must: (1) select a suitable earth model, (2) compute the necessa—
ry synthetic seismograms, and (3) invert the seismograms for the moment tensor
time traces Mij(t) using the "frequency-dowmain® approach. The wmodel selected
was a three-layer crust over a halfspace of 7.8 km/s (Priestley & Brune, 1978).
The synthetic seismograms computed are for a shallow (1/2 km) source. Ten com-
ponents of motion must be computed, namely the ten "canonical source components”
(strikeslip, dipslip, compensated linear vector dipole, and explosion). Any
point source representable as a linear combination of Green's function deriva-
tives can be represented as a linear combination of the ten canonical source
components through the seismic moment tensor of order 2 (Stump, 1979). These
source components were computed by exact Cagniard-deHoop theory (Peppin, 1981).
Finally, the seismograms and source components are inverted for six time traces

Mij(t), each 2.54 seconds long, using a generalized inverse technique.
Results

In Figure 1 we compare observed vertical-component Pn waveforms with the
synthetic seismagram for an explosion source with a stepup time of 9.3 second.
As can be seen, the data are distressingly unlike the synthetics. Thus, the
outlook for success appears quite bleak. We fit only the vertical and radial
components, downweighting the transverse ones, because the transverse components
are hopelessly contaminated by multipathing (synthetic transverse two orders of
magnitude smaller than verticals, but observed transverse of comparable ampli-
tude). Examples of the fits between observed and synthetic seismograms are

given in Figure 2. It is not notorious that the fits are very close, because
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the number of components being fit is small (seven for @1 Nov and eight for 12
May); given as few as six components, an exact fit would be obtained for almost
any Green's function selected. Note in the figure the tremendous difference in
signal character for the two explosions; the inversion simply places this char-

acter in the time traces of’!ﬂjﬁt). giving an unacceptably long and complex
source time history for these events.

Consider now the maximum Cunsigned) trace amplitudes of Mij(t) for the two

events. They are (normalized to unit determinant)

1.37 LS4 Lo0385

Si4 .24 Lo is i
wiss .eeth TR
for the 12 May event and =
r‘. st €32 - S
’ 2 R
'SIL ‘."’v
'gg"‘x L0087 ' 7"3}

for the @1 Nov event. We see that the diagonal elements dominate, which sug-
gests that each event should be identified as an explosion. Moreover, suppose.

we declare that the 12 May event is indeed an explosion. Let factors Pij be de-
termined such that

LN
X
Mij (12 May) + Pij = de¥1 g,
[ —

and let Plg‘be added to the Mlg array for the @1 Nov event. Then the adjusted
P1 Nov array becomes almost pure explosion in character:

002 -.c4d

.13 -,
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Thus, a "master-event” method is able to establish quite clearly the identity of
an unknown if a known is established. This is a significant result because:
(1) the signal character of the two events differs so greatly (Figure 2); (2)
12 May included data at Elko while B1 Nov did not; (3) 12 May was in Yucca Val-

ley and @1 Nov was on Pahute Mesa, and (4) #1 Nov was overburied.

It is of some interest to investigate the deviatoric part of the Mid(t).
At any specifiec time this array: (with signs) has a set of eigenvector;—:hich
point in the principal directions of stress (Gilbert, 1973; Stump, 1979).
Consider a streographic plot of the eigenvectors for the 12 May event associated
with the minimum and maximum eigenvalues (axes of compression and extension),
shown in Figure 3. These axes cluster mainly about two areas on the stereonet.

Strikeslip motion is indicated in a sense similar to some of the mechanisms ob~

served by Hamilton & Healy (1963) for BENHAM aftershocks on Pahute Mesa.
Discussion

The results agree in one important aspect with other efforts at inversion
(Stump, 1979; Stump & Jghnson, 1981). It appears that the amplitudes of the
Mij will be insensitive to errors in the Green's functions selected, while the
p;;;e information is indeed quite sensitive. Thus, we can place little stock in
the extended duration of the source (no doubt an artifact of incomplete knowl-
edge of the Pn phase); nor can we place much confidence in the inferred direc-
tions of stress for the deviatoric part of the solution. However, it i{s clear
that with better knowledge of the structure these resulits could be improved.
Furthermore, the results presented here based only on amplitude of the Mij ap~

—

pear to be of considerable interest.

Note that we have attempted no inversion of earthquake data using the Pn
phase (lack of any known suitable event near the test site recorded on the
three-component LLNL stations). We have good reason to suppose that any Pn data

will invert to a significant isotropic component in qli. since, for example, Pn

- - - c N - -
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contains no significant SH component (apart from multipathing) which would tend
to drive down the isoctropic component. However, tt is difficult to believe that
our master-event technique, applied to an earthquake, would give so nearly an
isotropic result, Moreover, 1in Figure 3 we see the potential for analysis of
the deviatoric part of the source. For a pure explosion, we should have expect-
ed a patternless distribution of eigenvectors (this is the degenerate eigenvalue
problem). Figure 3 provides the opportunity to estimate the <focal mechanism
from a considerable number (up to one estimate for each seismogram time sample,
here 128) of independent estimates. In sum, this line of analysis appears de-
finitely worth pursuing in connection with seismic discrimination, with the pre-

sent results quite encouraging.

Acknowledgments

This work was supported by the Defense Advanced Research Projects Agency
and was monitored by the Air Force Office of Scientific Research under contract
F49620-77-C-0878. Brian Stump kindly provided the use of his inversion program.
Jim Hannon of LLNL cooperated in obtaining the data used in this analysis. The
University of California Seismographic Station kindly provided facilities for

digitization of the seismograms.

References Cited

Gilbert, F., 1973. Derivation of source parameters from low-frequency spectra,
Phil Trans. Roy. Soc. London, Szr. A., 274, 3069-371.

Hamilton, R. M. & Healy, J. H., 1969. Aftershocks of the BENHAM nuclear ex-
ploston, Bull. seism., Soc. Am., B39, 2271-2281.

Peppin, W. A., 1981. Impulse solutions for a layered elastic medium: extended
Lamb's problem, J. phys. Earth, submitted.

Priestliey, K. F. & Brune, J. N., 1978. Surface waves and the structure of
Nevada and western Utah, J. geophys. Res., 83, 2265-22808.

Stump. B. W., 1979. Inve:ztigation of Seismic Sources by the Linear Inversion
of Seismograms, Ph.D. Thesis, University of California-Berkeley.

Stump, B. W. & Johnson, L. R., 1877. The determination of source parameters
by gtTegzlinear inversion of seismograms, Bull, seism. Soc. Am., 67,
1483-1502.




PAGE 64 ¥

Stump, B. W. & Johmson, L . R., 1981. The effect of Green's functions on the
determination of source mechanisms by the linear inversion of seismograms,
manuscript in preparation.

. Figure Captions

Figure 1. Comparison of syntaetic seismograsm, vertical component, with
observed vertical components at Landers (left)> and Elko (right). Top
traces: computed ground displacement, step—function source; second
traces: after applying instrument correction, essentially to ground velo-
city; third traces: convolution of second trace with a source time func-
tion of 8.3 second stepup time; bottom traces: data. The synthetics con-
sist almost entirely of the downgoing Pn and its reflection at the free
surface; other phases are multiples in,the top (3 km thick) layer,

Figure 2. Comparison of observed seismograms (top of each pair) with fit~-
ted seismograms (bottom of each pair). Left: 12 May 1976; right: @81 Nov
1378. On the radial traces away from the source is up, and on the vertical
traces compression is downward. The relative scales of the pairs are cor-
rect. The fits are as good on vertical and radial traces not shown, but
not on the transverse, which were downweighted.

Figure 3. Stereo projection of axes of compression (left) and extension
(right). Each point gives the eigenvectors of Mij{(t) at a particular time
step. The inferred mechanism is NW strikeslip, either right-lateral or
left-lateral, depending on how the clusters on the stereonet are selected.
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