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ABSTRACT

This report describes 23 investigations in the field of seisnc
discrimination. These are grocpod as follows: regional seismic
studies (13 contributions), miscellancons studies (6 contribu-
tions), and recent developments in our data and computer systems

(4 contributions).
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SUMMARY

This is the twenty-eighth Semiannual Technical Summary report describing the activities
of I incoln Faboratory, M.L.T., in the field of seismic discrimination. This report covers the
period 1 October 1977 to 31 March 1978. The objective of the Lincoln l.aboratory program is
to carry out fundamental research into the seismological problems associated with the detection,
location, and identification of earthauakes and nuclear explosions, and with the estimation of
explosion yields. In order to investigate these problems, we are continuously improving our
ability to manipulate and process seismic data from a global network of high-quality digital
stations and arrays.

During the present six-month period, we have concentrated mainly upon studying the nature
of seismograms at regional distances (<2000 km) in the context of seismic discrimination. A
variety of studies have investigated the utility of crustal body-wave phases and short-period
surface waves in the detection, location, and discrimination of events at these distances.

We have compared locations of three nuclear explosions in Nevada, using crustai phases
only, with those from teleseismic data only and found the accuracy of the epicenters obtained to
be roughly equivalent, but that crustal-phase calibration may frequently be necessary. The
utility of differential Pg-Pn travel times as a depth discriminant has been studied: it appears to
work only at distances of less than 500 km. Crustal-phase travel-time data from NTS explosions
have been used to calibrate the Basin and Range structural province. A study of film chip re-
cordings cf Soviet explosions has demonstrated that although Pn and Sn are readily identifiable,
the other crustal phases are more difficult to identify. A comparison of broad-band and short-
period recordings of regional events at the Albuquerque SRO seems to indicate some advantages
in broad-band recording for discrimination purposes. Two sets of sonograms, one for the
Western and the other for the Eastern U.S., show the viability of this technique in phase identi-
fication. Polarization f{iltering & > appears to enhance phase identification at regional distances.

The 1.g phase has been invest:.ated for a variety of paths. Wavenumber spectra at NORSAR
indicate that this very emergent feature of regional seismograms is mostly incoherent and due
to scattering from more-coherent higher-mode Rayleigh waves of short duration. The propa-
gation of I.g across Western Russia has been studied at both NORSAR and WWSSN stations in
Scandinavia: it 2ppears to be transmitted quite efficiently across this region, with no anomalous
attenuation due to either the Ural mountains or the Baltic Sea.

Amplitude-distance curves for various crustal phases have been determined for Eastern
North America and applied to a larger dataset, including Soviet explosions, for magnitude deter-
mination. A magnitude scale based on L.g amplitudes appears to have some utility as a discrim-
inant when compared with body-wave magnitudes.

Several studies involving teleseismic data also have been carried out. A preliminary
assessment of the utility of ocean-bottom seismometers for seismic discrimination purposes has
been carried out. The seafloor appears likely to provide low-noise sites for surveillance of
previously inaccessible regions, and recent technical developments make adequate seismometer
deployment there quite feasible. A separate study of ocean-ridge earthquakes shows that their
locations can be considerably improved with ray-tracing procedures in a realistic ocean-ridge

model. A method for the extension of ellipticity corrections to surface-reflected phases is
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described. A study of P-wave velocity in the Tonga deep-earthquake zone shows a correlation
of the major anomalous velocity region with a sudden shear strain increase. Analysis of Meshed
SRO long-period recordings of a dorble explosion indicates that events separated by as little as
20 sec can be separated in the surface-wave train. The spectral characteristics of events in
an aftershock sequence have been studied using SRO data: seismic scaling effects are readily
observable.

We continue to develop our data-handling facilities. A 300-Mbyte disk has greatly increased
our on-line storage capability. System software, particularly that to handle Datacomputer inter-
action, has been substantially improved. The seismic display package has now been implemented.

M. A, Chinnery
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SEISMICT DISCRIMINATION

o BEGUOINAL SEISMIC STULIES

A, I'HE USE OF CRUSTAIL PHASIYS IN LOCATING EX¥PLOSION EPICENTERS

We relocated the Greeley, Scroll, and Rtulison explosions using combinations of the available
data sct of arrival times in an attempt to evaluate the usefulness of crustal-phase observations.
Our data scts for Greeley and Scroll consisted of all the arrival times reported in the 1SC Bul-
letir complemented by additional crustal-phase arrival times in the 0 to 10° range. For Rulison,
woe had oniy the 1SC data. It was necessary to read these latter arrival times from the 1.RSM film
because there were no S phases listed in the shot reports. A fortuitous advantage to our pro-
cedure was uniformity of observation, since all the events were read by one analyst. In orderto
use all the data for each event in a single location, we assigned the errors of observation given
in Table I-1 to the various phases. The cffect of this was to reduce the dependence of the epi-

center on arrival times, which cannot be read as accurately as the first arrivals.

TABLE |-1
ESTIMATED ERRORS OF OBSERVATION

Error
Phase (sec)
P 0.5
Pn 1.0
S 1.0
Sn 1.0
PKP(DF) 1.0
Pg 3.0
p* 3.0
Sg 3.0
S* 3.0
PP 5.0
PcP 5.0

Tie ISC cpicenters for these eveats are plotted in Fig. I-1. Greeley and Scroll were 825-
and 20-kt shots detonated at NTS. Rulison was a 40-kt gas stimulation experiment detonated in
Colorado. Since the crustal structures vary between these two source regions, we expect to
find the contribution of the crustal-phase arrival times sensitive to the layer parameters.

The epicenter locations were done using the Jeffreys-Bullen travel-time tables for tele-
seismic arrivals, and cither the JB tables or our own Basin and Range tables (sce Sec, C below)
for the crustal-phase arrivals. In each case, the depth was constrained to that given in the shot

report. Jeffreys' method of "uniform reduction" was used to reduce the effect of erroncous data
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values.  Te our knowledge, these procedures are essentially the same as those used by the USGS
and ISC Bulletins,

The results of a variety of location experiments are given in Tables 1-2 to 1-4.  They gen-
erally tend to show that a large amount of data in the regional distance range gives epicenters
as accurate as those derived from a large amount of telescismic data.  On the other hand, add-
ing a few good regional stations to a teleseismic data set usually improves the resulting epi-
center both in accuracy and guality.  The results for Rul.son were not as good as those for
Greceley and Scroll. We feel that this is due to our having to rely on tabulated crustal-phasce
arrival times, and the Colorado plateau crust differing from either our Basin and Range struc-
ture or that implied by the JB tables.

The following general conclusions also follow from our data. Of the six possible crustal
phases, only I’'n is reliable cnough to use in epicenter locations.  The others are uscful primar-
ily for determining crustal structure.  The accuracy of crustal-phase locations is directly de-
pendent on how well the crustal velocity structure is known. In unfamiliar regions, the crust

will have to he "calibrated" in order to usc near-in stations for location work. Finally several

of the results given in Fables [-2 through 1-4 seem to show high quality but inaccurate epicenters.

These appear to reflect bias in the travel-time tables which should be climinated either by "cal-
ibration" or relative event-location techniques. [f the existence of a well-recorded master
event in a region can be assumed, then substantial improvements to our results may be possible.

D. W, McCowan
R. k. Needham

B. Pg - Pn TRAVEL TIMES FOR NTS EXPLOSIONS

Figure 1-2 is a plot of 142 Pg minus Pn travel times for NTS explosions recorded by ILRSM
stations mainly in the Basin and Range province. The two lines on the plot are the theoretical
2
zero depth Pg — I'n time from McCowan and Neod}mm1 and an empirical line from Ryall,” The

vheoretical line is based on the following plane layered Basin and Range model:

Layer Thickness P-Velocity
1 15 6.03
2 18 6.73
3 o 7.88

The equations are:

N »sz + hZ X htan¢1 h
t-;l(Ig)—t(Pn):——vi—-—v;— v, +V1005®1_A
A ZD?. tang, _ ZD1 tano, . ZD2 X ZDi 6 sec

V3 V3 Vz cos ¢, V1 cos¢,

where sinxp1 = Vi,’V3 and sincpz = VZ/V3' In these equations, h is the source depth and x is
the distance, both in kilometers.
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I'he partial derivatives evaluated et zere depth are:

L:t: = 0.0389 see/km

“*th-0

%! 0.106 scec/km
h=C

In other words, this discriminant is almost three times more sensitive to depth than it is to
disiance. On the oiier hand, observational errors of 0.1 sec limit the potential depth resolution
to 3 km. Achicving this depth resolution would require locations to be known within 4 km. These
estimates, of covrse, assume that the layer parameters are constant and known. Ryall's linnz
is based on NTS viplosion and Nevada earthquake data out to a 300-km distance. OQur data show
substantial numbers of explosions above the line in the 250- to 300-km rarnge. Unfortunately,
Ryall's line falls increasingly away from the data population beyond 300 km. In this regard, the
theoretical zero depth line follows the data population but also illustrates the increasiig scatter
with distance.

Our conclusion is that Pg .- Pn travel time may be a discriminent at short distances but
errors, porsib'y structurally dependent, play a dominant role beyond 500 km. The cause of
these errore should be studied so that thcy can be eliminated in the data analysis.

D.W. McCowan
K. E. Needham

C. CALIBR# 'ION OF THE BASIN AND RANGE WITH NTS

CRUSTAL- HASE DATA

e rercad the LRSM short-period film to enlarge the data set of crustal-phase travel times.
After limiting ourselves to 20 NTS shots and 34 LKSM stations in the Basin and Ranpge (BR) prov-
ince, we had 72, 20, 74, 39, 23, and 32 Pn, P*, Pg. Sn, S%, and Sg arrival time:, resnectively.
From these, we determined the two-~i1ayer Basin and Range structure given in Table [-5. Fig-

ures [-3 to -8 shuv ro corresponding travel times flom our model plotted along with the data.

TABLE 1-5
BASIN AND RANGE AND JEFFREYS-BULLEN MODEL PARAMETERS
BRh | JBh BR P BP BR S JBS
Layer | (km) | (km) | (km/sec) | (km/sec) | (km/sec) | (km/sec)
| 15.2 | 15.0 2wl 5.57 3.53 3.37
2 19.4 | 18.0 6.55 6.50 3.73 3.74
3 o ) 7.86 7.85 4.43 4.42

it appears from these data that the JB crustal model is an excellent approximation to the
Basin and Range except in the first layer. Our first-layer velocities are 8- and 5-percent higher
for P and S, respectively. Furthermore, the Basin and Range does appear to be well modeled
by a twn-layer crust as far as crustal-phase travel times are concerned.

D. W. McCowan
R. E. Needham
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). CRUSTAL PHASES FROM SOVIET PNiis RECORDED

AT WWSSN STATIONS

We have studied WWSSN short-period recordings in the distance range 2° to 16° from 14
P'Nl.s in Western Russia in an attempt to determine some of the characteristics of propagation
and soui ce coffects in this area., The events and paths used are shown in Fig.1-9. An cxperi-
vnced analyst picked as many phases as possible, without recourse to travel-time tables, and
the resulting suite of 185 time picks from 35 seismegrams is shown in Fig.1-10. We attempted
tv associate seismic phases with as many of these time picks as possible, using as a basis a
model deiermined by Massé> for the Canadian Shield. We generated travel-time curves for the
crustal phases Pn, Sn, P't, S* Pg, and Sg and assigned any time pick falling within 4 sec (for P)
or 8 scc (for 8) of the giy en travel time to the particular phase. We were able to identify 35 I’n,
32 Sn, 16 I’g, 13 Sg, 12 P*, and 8 S* in this manner. A further 20 arrivals were identified by
the analyst as the phuse Lg from their duration and character., Thirty-nine (21 percent) of the
arrivals could not be identified with the above crustal phases and were probably associated with
upper-mantle refractions with apparent surface velocities of 8.5 or greater: One of these
(10.4 km/sec) was clearly identifiable and corresponds to one observed by Mass¢ and Alexander?
in the same region. We believe that our results show

(1) that a shield model is appropriate for the paths studied,
(2) that Pn and Sn can almost always be identified ana .zeasured,
(3) that the other crustal piases are more difficult to identify, and

(4) that a trainced analyst can pick times for phases prior to identifica-
tion with a false-alarin rate of lees than 20 percent.

For every time pick made, an amplitude (peak-to-peak) was also measured except where
oif scale, and reduced to ground motion at the station. For none of *he events were there suf-
ficient stations to permit construction of an amplitude distance curve, and we therefore reduced

tue an.plitudes for each event by a scale factor related to the ISC my through

Reduced Amplitude = (Recorded Amplitude) X (S.O-mb)
i.e., to the amplitude from an event of my = 5.0. Amplitude-distance curves were plotted for
cach phase: the results were uniformly hopeless and are not shown here.

For comparison with the other studies included in this report, we have determined amplitude
ratios of (Pn/Lg), (Sa/Lg), and (Sn/Pnj, shown in Fig.I-11. Some rather dubious identifications
of 1.g are included here; in some cares only an upper limit to its amplitude could be determined
and thus only a lower limit to the ratios (Sn/Lg) and (Pn/Lg) determined. These are incicated
by arrows in Fig.I-11. These ratios may be of some use as a discriminant, but, since we have
studied explosions only, they are iacluded here purely as an indication of the nature of explosion
seismograms in this region. Some of these ratios have been included in a study (elsewhere in
this report) of exglosion and earthquakes in the Canadian Shield, or similar regions.

R.G. linrth
L.C. Lande

E. CRUSTAL PHASES RECORDED ON SRO SHORT-PERIOD
AND BROAD-BAND SYSTEMS

Crustal phase Pn, Pg, and Lg recorded on the broad-bend SRO system at Albuquerque are
compared with the corresponding records from a short-period vertical SRO, It should be noted



TABLE 1-6
EVENT PARAMETERS FOR SRO BROAD-BAND RECORDED EVENTS
Date 15 Sepiember 1977 27 September 1977 30 September 1977

Origin 14:36:30.1 14:00:00.2 10;19:19.6
Latitude (°N) 37.033 37.151 40.51
Longitude (°W) 116.043 116,068 110,28
Depth 8 0 5
Mb 4,5 4.8 5.0
Location NTS NTS Utah
Distance 8.03 8.07 6.33
Azimuth 287,88 288.67 332.66
Figure 116 1-17 1-16

that the records came ‘rom separate recording systems located at the Albuquerque Seismic

Laboratory. Record pairs from two NTS shots and a Utah earthquake are shown in Figs. 11-12(a)
and (b).
phase, the first arrival, from first explosions failed to trigger the event detector for the short-

The bottom record of cach pair is from the short-period SRO. The onset of the Pn
period SRO; consequently, this record is not complete. Each event is located about 8° from
Albuquerque with the great-circle path more northwesterly for the earthquake. The event pa-
rameters are listed in Table I-6.

From the analog records, the advantages of broad-band recording, if any, can not be seen.
However, comparison of power spectra shows that longer-period signals that are preferentially
excited by the carthquake are suppressed by the short-period SRO system. This can be seen in
Figs.II-13(a) and (b) by comparing the Lg spectra in the bandpass from 0.2 and 0.3 Hz. The
Lg power is about 10 dB above the noise level on the short-period SRO, anu about 20 dB above
the noise level on the broad-band record. This disparity is consistent with the 12-dB/octave
slope in the amplitude response of the short-period SRO which is symmetrical about a peak fre-
quency of 1 Hz (Ref.5). The broad-band Pg signal is also richer in longer-period energy.

All power spectra were computed from 512 data points which correspond to about 26 sec of
record at the diritizing rate of 20 samples/sec. Zeros were uscd to pad out the time windows
of signals with aurations less than 512 points. Some Pn and Pg time windows (Figs.[-12) were
significantly shorter than 26 sec, with the result that ratios of signal-to-noise power inferred
from Figs.I-13 and I-14 are underestimates by a factor of 2 to 4. A cosine taper was used to
smocth the spectral estimates.

A comparison of the power spectra from the NTS shots reveals only a marginal increase in
longer-period energy in the broad-band recordings. Spectra from the larger of these shots are
shown in Figs. [-14(a) and (b). Spectra from a small Colorado earthquake (not shown in Figs. I-12)




revealed significant energy above the Nyquist frequency of 10 Hz.  Aliased cnergy like this is
expected to be o greater problem where transmission paths are more efficient such as those

that cross shield regions or stable platforms.
T.J. Fitch
R. M. Sheppard

I, SONOGRAMS OF SRO BROAD-BAND RECORDED EVENTS

The second SRO seismometer located at the Albuquerque, New Mexico SRO site has been
medified to record broad-band data directly from the output of the instrument. hiese signals
are the raw scismometer outputs and are not filtered in any manner. Reccording of the data is
achicved by treating the signals as if they are the short-period data and theveby recording the
data in the normal position on tape that is usually occupied by the sh ‘rt-period data. Both the
horizontal and th. vertical outputs are recorded at 20 H-. When treated in this fashioi, the
recording and analysis of the data can be done with most of the existing computer programs.

Several well-recorded events have been analyzed fo:r the frequency content in the signal.
Three cxcellent e:amples of these events will be discussed here. The first two events are
underground ruclear explosions at the Nevada test site, and the third event is an ecarthquake
located in Utah. The event parameters are given in Table 1-6,

Figure 1-15 shows the relative distribution of the event locations with respect to ANMO.
Figures I-16, [-17, and [-18 are sonogram plots (frequency vs time) of the explosions and the
carthquake described in Table [-6. In these figurcs, the vertical axis represents frequency and
the horizontal axis is relative time. A sonogram therefore is a representation of the frequency
content of a signal vs time. To achieve these figures, the evert signal is first filtered by 31
constant-Q filters, then the 31 outputs are integrated over {-scc intervals, and, finally, the
values are contoured into a sonogram. The black areas of the figures represent the areas of
peak signal, while the hatched areas are those regions which are 6 dB down (1,4 amplitude lower)
from the peak signal. The heavy solid black lines indicate areas which are {2 dB lower than the
peak areas. Each figure displays the 3 components, 7, N-S, and E-W, of the ANMO broad-band
seismometer (except Fig. I-16 which did not record the N-S component).

The areas of interest in Figs.1-16 through I-18 lie in the frequency distribution of the sur-
face waves. The two explosions exhibit a more confined or limited £requency distribution than
does the earthquake. One might expect that the explosion would contain fewer high frequencies
in the surface-wave train than does the earthquake, since the shots are 2° further fcrom ANMO
than the earthquake. However, there seems to be a wider distribution of frequencies for the
earthquake than one would expect from just a 2° increase in distance. This wider frequency
distribution is also evident over the entire waveform of the earthquake. It is evident irom these
figures that a discriminant based on spectral ratio of the surface-wave train would discriminate
these three events. However, further analysis is continuing on this potential discriminant using

broad-band data.
R. M. Sheppard

G. SONOGRAMS FOR AN EASTERN U.S. LRSM PROFILE

FROM THE NUCLEAR EXPLOSION SALMCN

We analyzed an east coast profile of LRSM 3-component short-period recordings of the
SALMON explosion by the sonogram process. The explosion and station locations are shown
in Fig.1-19. The sonogram output is a series of cnergy contours over a 1requency-vs-time
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TABLE I-7

SALMON CRUSTAL-PHASE DATA

A A Travel Frequency Frequency Amplitude

Station (km) (deg) Phase Time (Sonogram) (Shot Report} (mp)
EU-Al 242 2.18 Pn 36.5 3.0 4.0t 3zot

P* 39.5 3.0 - 197

Pg 42,5 3.0 3.3t 4741
(SPZ) Sn 67.5 2.6 — 570
(SPZ) Lg 73 2.0 2.5 450
BL-WV 1058 9.59 Pn 129.2 2.6 2.571 5,221

Py 173.3 2.1 2.5t 29.21
(SPT) $a 2571 43
(SPT) Lg 300.7 2.0f 45
BR-PA 1375 | 12.4 P 176.1 2.8 3.of n.st
(SPT) Lg 388 1at 91.2t
(SPT) Sn 301.5 45
DH-NY | 1795 | 16.2 P 225.0 2.1 2.5t 3.55t
(SPT) Lg 503 A 66.41
LS-NH 2121 | 19,1 P 265.5
(SPT) Lg 595 1.0t 49.71
HN-ME | 2497 | 22.5 P 298.3 1.0 1af 17.5
(SPZ) Lg 705 1.3t 28
(SPZ) Sn 518 15
SV2Q8 3192 | 28.7 P 358.0t 2.1 2.0 5.8t

tIndicates values taken from the shot report,
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coordinate system.  The time axis is vquivalent to group velocity if the distance to the event is
known. In our implementation, the output is produced by applying a suite of constant-Q, narrow-
band filters,  Since these are recursive time-domain operators, there is a significant greup de-
lay between arrivals on the seismogram and energy contours on the plots,

The SALMON cxplosion wus detonated in Mississippi and, in our case, obscrved along the
whole east coast from 2.18° to 28.7° distance. It is thought that the Fastern U.S. is more rep-
resentative of the Eurasian shiicld and platform areas than the Western U.S, It is, at least, a
high-Q thick-crust region that propagates diagnostic phases like Lg in contrast to the Basin und
Range province where Lg is difficult to observe. Unfortunately, there are several different
geologic environments along this profile with different crustal structures. The explosion and
the nearest station, LU-AL, are in the Gulf Coast plains. The intermediate stations, BL-WV,
BR-PA, and DH-NY, are on the eastern plateau. The furthest stations, 1.S-NH and HN-ME,
are on the New England plateau. One last station, SV2QB, which is not a part of the profile is
on the Canadian Shield. Consequently, we expect a substantial scatter in observed amplitudcs
and periods with distance,

As noted by Alexandex‘,6 the obvious advantage to the sonogram process is that patterns of
energy distributicn can be identified which would be lost in simple amplitude and period mea-
surements. From these, empirical discriminants like spectral ratios can be inferred and de-
fined over frequency-time intervals. Representative sonograms for stat: -ns EUJ-AL, BR-PA,
and DH-NY are shown in Figs.1-20 to I-22, respectively. The data int¢: 1l for station EU-AL
is unique because il includes all arrivals from the first P wave through the surface-wave train,

The results obtained by means of these energy distribution plots are listed in Table I-7,
along with some taken from the SALMON shot report. We were able to identify several crustal
body-wave and S-wave phases which were not given in the shot report. Sn-to-Lg ratios mea-
sured off the seismograms after the phases were identified varied from 1.25 at EU-AL to 0.54
at HIN-ML.

Our conclusion is that the sonogram process is a useful tool for identifying seismic phases
from their energy distributions in the frequency-time domain and that it should be applied to

data from more regions as it becomes available.
D. W. McCowan

H. POLARIZATION FILTERING OF THE FIRST ARRIVALS

FOR THE EASTERN U.S. LRSM PROFILE FROM SALMON

Polarization filtering has veen used to aid the analysis of the L.LRSM profile of seismic data
from the U.S. explosion SALMON described above in Sec. G. Figures 1-23(a) and 1-24(a) show
the 3-component data from EU-AL to HN-ME ranging from A = 2,2° tc 22.5°, The data have been
rotated toward the SALMON epicenter, and phase-free hi-pass filtered with a 6-dB cutoff of
0.8 Hz to . cmove microseisms. The times have been reduced in the figure by an amount
A/10 sec, to better align high-velocity phases.

A three-dimensional polarization scheme was used to enhance planar elliptical motion, e.g.,
isolated surface and body waves, while 1ejecting ellipsoidal data in which all three axes are
comparable. The least-squares ellipsoid of motion with axes Ly>1,>1, is calcu:ated in a
moving window of data, and the two largest axes, 11 and !2, are projected onto the data com-
ponents. This amounts to truncating the data expansion to the two most-significant vector com-
ponents out of three, and results in a considerable "cleaning up" of 3-component data.
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The projected data are further scaled by a gain factor which depends on the instantancous

cllipticity « defined by

) 2l
"+Ié‘)1'2 0 o &

whore

0

”
la

Since ty = t, < L is nearly 0 when iy << L, This case occurs when the data are polarized
in the plane of an cllipse with axes t, and L,. As 13 becomes larger, « approaches 1 in thecasc
of spheroidal motion, i.c., where L, - lz = I3. In order to reject spheroidal motion, in the
least-squares sense and enhance elliptical motion, a Butterworth-type ellipticity filter was uscd
as the gain factor given by
= 0010 & @, ‘o’znfl /2

This gain factor is a low-pass filter which approzches 1 as « — 0 and decreases 6n dB/octave
above the cutoff value o Parameters n and €o are arbitrary.

In Figs.-23(b) and I-24(b), the polarized data are shown displayed under the original data.

Tor this processing, the cutoff ellipticity was €. = 0.25, the filter order was n = 3, and the

moving time window for the ellipsoid ca]cula‘iogs was 1 sec wide, Comparing these figures,
onc sces that the polarization filtering sharpens the arrivals and extracts a number of unknown
phases, compressional and shear.

A detailed analysis of all the enhanced arrivals is not possible without a clocely spaced net-
work of stations as used, for example, in the Early Rise oxp(=riment.3
Clearly, polarization methods can be useful for near-regional problems in discrimination,
but geod-quality 3-component dat: must be obtained. Detailed analysis of complex crustal phases
cannot be attempted with a sparse network, and a dense network seldom yields unambiguous geo-

physical results.
C. W. Frasier

I. TFE MECHANISM OF Lg PROPAGATION

Press7 lists the maximum horizontal Lg to marimum vertical Rg ainplitude ratio as a pos-
sible discrimination parameter. On theoretical grounds, it is reasonakle to expect the ratio to
be significantly greater for earthquakes than for explosions due to the relative distribution of
shear ard compressional energy between the two sources and the suspected nature of Lg. In-
deed, Bath8 gives the measured ratio as 2:1 to rarthquakes and 0.8 for explosions. These
figures have not been established for statistical quantities of events, and earthquakes that violate
the discriminant can be found. The problem may lie in our poor understanding of the nature of
I.g — its generation, its propagation, and its observed structure. To better understand Lg, its
spatial and temporal behavior over NORSAR subarrays has been investigated.

Briefly, Lg is observed over countinental souvice~receiver paths as a short-period large-
amplitude wave with an average source-receiver velocity of about 3.5 km/scc. Most of its
motion is transverse, though an appreciable vertical component is present. The phase is ex-
tremely emergent, often building up over several minutes before peaking. 1'igure [-25 showsthe
the seismogram recorded on the NORSAR short-period vertical (SPV) instrument at location 01 B0
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for the event listed in the DI as 4 October 1971 at 10:00:02.0 at 61.6°N and 47.1°E (Western
lussia) of magnitude 5.1 my,. The event is presumed to be an underground explosion. It mea-
sures 17.4° from NORSAR with a great-circle back azimuth of 65°. The bottom scale shows
source-receiver greup velocities, At a velocity of 3.5 km/sec (marked by 1g), therc is a local
maximum following a continual buildup of energy beginning approximately 3 min. before. The
data lie in the band 0.5 to 2 Hz. Figure 1-26 snows the records at cach element of the 1B sub-
array. While there is coherence in the envelope, small-scale coherence is low.

The wavenumber spcctra9 of several time sections of these records were examined to de-
termine the portion of coherent energy and the direction and phase velocity of its propagation.
Th> intervals studied were: the firsi arrival, 1 min. after the first arrival, 2 min. prior to
the maximum Lg time, at the maximum Lg time, immediately after the maximum Lg dme, and
{ min, past the Ig time. Of these intervals, only the firet arrival and the section immediately
after the maximum Lg time (but not including it) showed any appreciable wavenumber coherenze
in the source directior.. The wavenumber spectra for these two periods are shown in Figs. 1-27
and [-28 Accordingly, the vertical comporent of the Lg phase for this event as recorded at
NORSAR may be describec as follows: a steady buildup of essentially spatially incoherent energy
peaking at a group velocity of 3.5 km/sec, followed by a coherent wave train of time duration less
than 25 sec arriving froni the direction of the source with phase velocity 4.1 km/sec, followed be
diminishing incoherent motion.

The above observations are consistent with the interpretation of the vertical part of 1.g
(Ref.9) as second- and/or higher-mode Rayleigh waves, with the bulk of their eneryy confined
to a part of the upper crust (but not at the surface), and the emergent and diminishing parts,
including the maximum trace amplitude. bceing scattered waves. The consequence of such be-
havior is that the amplitude in the scattered portion of tbe phase is not only a function ef size
of the propagating wave but also of the scale of inhomogeneity in the crust near the receiver,
The amplitude »f the propagating part of the phase would be tne integrated effect of spreading
ond scattering over the entire path. Under thes» circumsiances, the usefulness of Lg for re-
gicnal detection, location, and discrimination purposes would be enhanced by employing small

arrays and spatial processing that could separate path, source, and receiver characteristics.

T. E. LLanders

J. Lg MEASUREMENTS AT NORSAR FROM SOVIET EXPLOSIONS

AND TWO EARTHQUAKES

We have investigated the available short-period data from NORSAR in an attempt to cali-
brate Lg propagation across Western Russia, and to determine if tcpographic features such as
the Urals, the Barent Seas, and the Baltic Sea are barricrs to this propagation. These data
complement another study by R.G. North (Sec. D above) which used WWSSN stations, and the
results obtained here are aimilar. 7Table I-8 is a list of the 1sable events which had Jong
enough data windows after the first P arrivals to include detectable Lg phases. All events
except those with nonzero depth are explosions.

Figure 1-29 shows the ISC epicenter locations, m, values, and dates cf the events on which
we measured phases. Seismograms of the events were searched for einergent Lg arrivals with
group velocities between about 3.5 to 3.6 kni/sec. I'he envelope pcaks were measured where
the energy was clearly above the noise before the P arrival, and isolated by obvious changes
in noise and frequency character before and after the Lg phase. Although the amplitudes arc
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TABLE 1-8

NORSAR EVENTS FOR WHICH Lg TIME WINDOWS WERE AVAILABLE;
EXPLOSIONS HAVE ZERO DEPTH

Location Lg
Event Date (°N) (°E) "y h Delta Seen Lg Amplitude
) 12/22/71 | 47.87  48.22 | 6.0 | 0 | 24.95 | Barely 388
2 10/04/71 61,61 47,22 4,6 0 17.35 Yes 105
3 04/15/72 47,79 16, 04 4,7 18 13.40 Yes 664
4 06/17/72 | 48.40  14.52 | 4.6 | 20 | 12.63 | Yes 64
5 07/09/72 49,78 35.40 4.8 0 17. 73 Yes 108
6 09/30/73 51,66 54, 54 5.2 0 25,6 Good 195
7 10/26/73 40.84 48,29 4,4 4 30.27 No | =
& 08/14/74 68,94 75.83 5.4 0 27,45 Yes 80
9 08/29/74 67.23 62,10 5.0 0 22,74 Yes 78
10 09/13/74 49,76 78.03 5.2 0 38, 11 Maybe <25 (noise)
TABLE 1-9
INORSAR TiME-DOMAIN MEASUREMENTS
P (biggest arrival in first 20 sec) Lo Lg/P
Distance | Amplitude | Period | Amplitude Amplitude
Event | mp (deg) (mp) (sec) (mp) Period Ratio
Earthquakes 3 4.7 13.4 147 1.0 664 1.6 4,52
4 4.6 12,6 34 1.0 64 0.8 1.88
PNEs 5 4.8 7.7 336 0.4 108 0.9 0.32
2 4.6 17.3 254 0.3 105 0.7 l 0.41
14
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probably accurate to within a factor of 2 across the NORSAR array, it must be emphasized that
arrival times are very suspect and cannot be considered accurate for location purposes to within
$30 sec in most casces,

Two PNEs in Western Russia and two Austrian carthquakes are closest to NORSAR. The
initial P waves of the two PNEs are much richer in high frequencies than the P waves of the
Austrian earthquakes. Although the Austrian earthquakes are 4° to 5° closer to NORSAR than
the PNEs, the structural paths are more complex and it is uncertain how much of the high-
frequency -explosion energy is simply passed by the high-Q Baltic shield and Russian platform.
The Lg phasces for all four events are very emergent and complex in character with little co-
herence from sensor-to-sensor. This visual lack of coherence occurs even across the sensors
of individual subarrays at NORSAR. Using high-resolution wavenumber analysis, however,
Landers has separated the scaitered from the direct waves in tne I.g waveform (sce Sec. | above),

Time-domain measurements picked on single NORSAR sensors for these four events are
summarized in Table [-9. We note that the two carthquakes have inconsistent P and Lg am-
plitudes even though the m and locations are nearly identical. This is probably due to different
source radiations along the takeoff directi~n to NORSAR. The PNE amplitudes secem more con-
sistent even though their locations are widely separated. Lg/P amplitude ratios are 1.9 to 4.5
for the earthquake pair, whereas the PNE ratios are very consistent — 0.32 and 0.41.

In Fig.1-30 the spectra of a 20-rec P window and a similar length L.g window are displayed
for the Austrian carthquake {event 3), which has the largest Lg/P amplitude ratio. Figure 1-31
shows similar spectra for a 2NE (event 5). The high-frequency character of the explosion
P wave and the low amplitude of the Lg spectrum verify the time-domain observations.

Mcasurements of Lg amplitude for these four events and the remainder of the PNEs in
Fig.1-29 are plotted vs distance from NORSAR in Fig.[-32. The amplitudes have been normal-
ized to my 6.0. The dashed trend line is Nuttli's theoretical curveio for Lg decay with distance
for earthquakes in the Eastern U.S., which besides gecometrical spreading includes attenuation
with distance given by exp[—0.07a}, where A is measurcd in degrees. This curve has been
shifted vertically to pass through the level of scaled Lg amplitudes for the PNEs. The solid
curve above the data is Nuttli's empirical formula for Lg amplitude vs distance from an my 6.0
carthquake. This comes from the relation between short-period, surface-wave amplitude and

m, given by

m, = 1.66(loga) + log (A/T)

b
where A is measured in millimicrons on a vertical short-period instrument.

From Fig.1-32 wc see two interesting trends of the Lg data. First of all, there is no clear
cffect on Lg transmission of any topographic features in Fig. [-29 such as the Ural Mountains or
the Barent Sea. The variation of Lg amplitude with distance from NORSAR scems to fit Nuttli's
theoretical trend for the Eastern U.S. Secondly, the general level of Lg phases for PNEs when
scaled to m 6.0 have a trend at least a magnitude unit below that expected for carthquakes in
the Eastern U.S, This i a short-period observation znalogous to the m:M, criterion which
works effectively for large events at teleseismic distances. Clearly, many carthquakes from
Russia are nceded to investigate the use of Lg as a discriminant. The data from the two coin-
cident Austrian earthquakes are quite ambiguous and remind us that short-pcriod surface waves
arc probably as sersitive to source radiation effects as are short-period body waves.

C. W, Frasicr
R. M. Sheppard
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K. PROPAGATION OF THE Lg PHASE ACROSS THE URALS AND THE BALTIC

We have attempted to determine to what extent, ¢ at all, natural features such as the Urals
ard the Baltie affect Lg amplitudes.  Because of the vertical absence of earthquakes providing
source-receiver paths contained within Western Russia and the apparently similar Baltic shield
regions, we have studicd short-pe.iod recordings at WWSSN stations ip Scandinavia from three
nuclear explosions. These are situated to the west of the Urals (I'NE shot on 4 October 1971),
south of the Urals (Western Kazakh, 23 December 1969), and one cast of the Urals (Eastern
Kazakh, 30 November 1969), These events, their recording stations, and the source-receiver
paths are shown in Fig.1-33. Epicentral distances range from 11° to 40°. Paths to UME, COP,
and KON cross the Raltic; those to KEV and NUR do not. Lg was readily observed from these
large explosions even up te 40° distance; its amplitude was generally quite small on the vertical
component, and we have measured amplitudes on the horizontal-component recordings only. The
largest peak-to-peak amplitude within 30 sec of the time corresponding to the 3,5-km/sec group
velocity was measured. The Lg amplitude was in all cases not much smaller than that of P; its
dorninant period (1 to 2 sec) is unfortunately close to that of the prevailing noise.

Figure 1-34 shows horizontal-component Lg amplitudes as a function of distance A, corrected

for peak magnification and adjusted to my 6.0 through

Amplitude (6.0} = Amplitude = 10(6'0"mb)

Note that these results scem to imply that, for an explosion of my, = 3.0, the amplitude of Lg will
be at least of amplitude 1 myu at distances up to 30°. Short-period detection levels as small as

1 mp have been claimed: thus, if Lg is of any use in a discrimination context it should be mea-
surable for extremely small explosions across similar paths.

Amplitudes measured on the north-south component were always larger than those measured
on the east-west component. The paths shown on Fig.I-33 run nearly in an east-west direction,
and thus the maximum amplitude of L.g appears to be in the transverse component of motion,

i.e., of Love-wave type.

For all the events studied, amplitudes at stations to the west of the Baltic are very close to
those observed to the east. The Baltic, an extremely shallow sea within only a few isolated pock-
ets of depths greater than 200 m, thus appears to have no observable effect upon the propagation
of Lg.

Also shown on Fig.1-34 is a curve determined empirically by Nuttli10 for the diminution of
Lg amplitudes with distance in Eastern North America, given by

-0.074

Aa) = x(asina)y V2 e (1-1)

where A is distance in degrees, and x is a constant, here set to 104. This appears to be a good
fit to the data: note that the Lg amplitudes measured for the Lastern Kazakh event are quite con-
sistent with Nuttli's relation. This may well indicate that the Urals have little effect upon Lg
amplitudes.

Nuttlim has also derived an empirical relation between m and Lg amplitudes, given by

m, = 4.66 logA + log(A/T) (I-2)

b
where A is ine peak -to-peak amplitude in millimicrons of Lg, and T is its dominant period.
Assuming T = 1 sec, Fig.I-35 shows my calculated from Lg as a function of distance. The
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average my indicated is about 5.0, or one m, less than that measured from teleseismic P-wave
obscervations.  In addition, Nnttli used Lg amplitudes measured from the vertical-component
scismogram onlv, waich, as we mentioned earlier, were considerably less than those observed
on the horizontal components from which we measured A. It is thus possible that Lg amplitudes
may be useful as a discriminant, if Eq. (I-2), determined for Eastern North America, is ap-

plicable to Western Russia,
R.G. North

I.. Pn, Sn, AND Lg AMPLITUDE-DISTANCE RELATIONSHIPS

FOR EASTERN NORTH AMERICA

Amplitudes of the crustal phases Pn, Sn, and Lg for the Eastern North American events
listed in Table I-10 were read from short-period, vertical-component seismngrams of the
Canadian seismograph network. As an aid in identification of the Pn rhase, Mass€'s ’-wave
velocity model was used to calculate theoretical travel times. Calculations of theoretical Sn
wave velocities assumed V2 =3 VSZ.

Figures [-36 through 1-38 present amplitude-distance plots normalized to my = 3.6 for the
three phases. Though all show clear ‘rends to amplitude decay with distance, Pn data are the
most widely scattered for distances of less than 10°., Small c¢vents 6 and 8 with Pn magni-
tudes of 3.9 introduce this scatter. Examination of Fig.I-37 reveals that Sn amplitudes for these
same events are mo' Jeonsgely clustered about the line of average decay than the Pn amplitudes
of Fig.1-36. The ; .cer consistency of Sn readings is attributable to larger amplitudes (1.5 to
2 times Pn amplitude) at the same distances. These observations suggest that the scatter 1n

TABLE 1-10
EPICCNTRAL DATA FOR EVENTS USED IN THIS STUDY
Latitude | Longitude | Magnitude
Event Date Time (°N) (°W) mp my
1. Baffin Island 4/24/73 03:55:04 N7 71.2 4.7 4,2
2. Quebec-Maine 6/15/73 01:04:05 45.3 71.2 5.0 4.8
3. Blue Mountain Lake 7/15/73 08:20:31 44.0 74.4 3.4 -
Blue Mountain Lake 7/15/73 10:32:38 44.0 74.4 3.2 3.4
Mt. Wright, P.Q.1 12/74 | 15:58:02 52.7 67.6 3.5 | -
5. Minnesota 7/09/75 14:54:15 45.6 96.0 - 4.6
6. Maniwaki, P.Q. 7/12/75 12:37:15 46.5 76,2 - 4.3
7. Western Quebect 8/21/75 | 21:42:5) 48.1 78.0 3.6 -
8. Southwestern Quebec 12/19/75 15:25:11 47.0 78.8 3.8 -
9. Atlantic Ocean 10/04/75 22:21:41 49.6 57.0 - 5.2
t Mine blast
t Rockburst in Malarctic Mine
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Pn amplitudes (for small events) may be due to comparatively low signel-to-noisc ratios, and
that magnitudes derived from Pn amplitudes for such events will be less useful in discrimination
than magnitudes derived from the Sn and l.g phases.

The line of average decay for Pn amplitudes, shown in Fig.1-36, was found by Everndon.“
A method similar to his yielded an average value for Sn decay with distance. The least-squares
fit to a straight line was found for log10 (A/T) against logm (distance) for cach event with suf-
ficient data. Six events combine to give an average value of —1.80, represented as a straight
line in Fig.1-37. The same procedure gives an average value for L.g amplitude decay of —1.65.
This number, the average of eight events, agrees closely with Nuttll‘s’o value of —1.66. Fig-
ure [-38 shows a straight line with a slope of —1.66 as well as a curved line representing the
theoretizal attenuation of dispersed surface waves. The equation for this line is:

-1[/3

A - Ka™13) sina)y /2 o772

where A is the Airy phase amplitude, K is a constant, A is the distance in degrees, and vy is
10

the coefficient of anelastic attenuation,
Table I-11 lists the events used, the values of Sn and Lg amplitude decay with distance, and

the standard deviations of the data points from the least-squares fit for cach event. In Sec. M

below, these amplitudes will be converted to magnitudes for a comparison between earthquake

and explosion values.
M. W. Shields
T.J. Fitch
R. E. Needham

TABLE (=11
AMPLITUDE FALLOFF WITH DISTANCE
Standard Standard
Event Sn Slope Deviation Lg Slope Deviation
&/15/73 -1.74 0.20 -1.31 0.17
7/15/73a - - -1.58 0.07
7/15/73b - - -1.52 0.15
1/12/74 -1.94 0.15 -1.93 0.12
7/09/75 -1.98 0.24 -1.84 0.26
7/12/75 -1.73 0.3 -1.48 0.15
8/21/75 -1.61 0.24 -2.00 0.17
12/19/75 -1.77 0.14 -1.55 0.26
Average -1.80 0.20 -1.65 0.17
18
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M. COMPARISON OF CRUSTAL-PHASE MAGNITUDES FOR EXPLOSIONS
AND EARTHQUARLES

Magnitude relationships of the usual form
m a+ blogAa + logA/T (1-3)

arc used to test for systematic differences between explosions and shallow earthouakes recorded
in the near-regional distance range from 5° to 20°, In the range the crustal phases Pn, Sn, and
1.g are prominent of short-period seismograms. Magnitude formulas pertinent to Pn and L.g were
taken from livcrnd(‘n“ and Nuttli,10 respectively. The one forSn was inferred from the amplitude-
distance relationship determined empirically by Shields, Fitch, and Needham in Scc. L above.
The study yielded —1.80 for the coefficient of the log A term in Eq. (I-3). A value of 3.79 for the

normalizing constant a in Eq. (I-3) was determined by equating teleseismic m,_ to mg for five

b
carthquakes for which we have measured Sn amplitudes and periods. Figure 1-39 represents a
test of the Sn amplitude-distance relationship. The test is successful in that the magnitudes at
individual stations scatter more or l¢ss uniformly about the mean Sn magnitude for the event

regardless of the distance between scurce and receiver, The three magnitude relationships are

as follows:
mg . = 3.79 + 1.80logA + logA/T
my, = 3.30 + 1.66 loga + logA/T Nutt1i'©)
my, - 3.82 + 2.00loga + log A/T (Evernden'?)

where A is in degrces, and A/T is in microns/second.

Magnitudes were determined for one mine blast in Eastern Canada, four PNEs in Western
Russia, the SALMON shot in Mississippi, and ten earthquakes located in Eastern North America.
Amplitudes and periods were read from analog short-period records from LRSM, WWSSN, or
the Canadian network. All magnitudes refer to maximum amplitudes of the vertical component
of motion. The various magnitude estimates are listed in Table 1-12. Figure I-40 chows that
the ratio of Sn-to-Lg amplitude for explosiors and earthquakes from this 'imited and possibly
heterogeneous data set defines distinct populations in the distance range from 600 to 1300 km,.
Removing the distance dependence b; converting amplitudes to magnitudes does not change the
basic result. The ng from explosions is about 0.3 of a magnitude unit less than ng's for
earthquakes (Table [-12). Sn magnitudes for explosions and earthquakes are in close agreement
with P-phase magnitudes, either mp orm,. Consequently, the magnitude ratio ng/mSn will
be distinct for these explosions and earthquakes as shown in Fig.I-41,

From these results a reasonable working hypothesis would be that expl-sions, either be-
cause of their shallow depth or the nature of the source, are comparatively poor exciters of Lg.
Apparently, Sn excitation from explosions and earthquakes is comparable to P-wave excitation
from these sources. For this to be so, the Sn from explosions must be primarily a P-to-S re-
flection at the free surface near the source. Furthermore, the efficient propagation of Sn or
Pn, and their respective apparent velocities, implies that these phases are trapped in the litho-
sphere, as would be the case for wide-angle reflections., This mod=2! for Sn and Pn propagation
is also consistent with the amplitude-distance plots for these phases shown in Sec. L. above. Pn
amplitudes show no pronounced distance dependence, whereas Sn amplitudes do, Apparently, the
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TABLE 1-12

MAGNITUDE ESTIMATES FOR EARTHQUAKES AND EXPLOSIONS

Earthquakes
Event my, (Sn) my, (Pn) my, (I1SC) Mn

4/24/73 4,5 (79 4.7 (3) 4,2 4.8 (7)
&/15/73 5.0 (8) 4.9 (5) 4.8 4.9 (6)
7/15/73 3.2 (3) 3.2 (1) - 3.4 (15C)
7/15/73 - - 3.4 3.2
11/30/73 4.3 (3) 4.5(1) - 4.5 (6)
7/09/75 4.6 (6) 4.4 (8) 4.6 4.8 (7)
7/12/75 4.3 (8) 3.7 (6) 4.3 4,2 (8)
8/21/75 3.7 (4) 3.8 (2) - 3.6 (5)
10/04/75 5.2 (7) 5.3 (7) 5.2 -
12/19/75 3.8 (4) 3.9 (3) - 3.8 (4)

Explosions
10/22/64° 4.4 (5) 4.3 () 4.4¢ 4.0 (10)
1/12/748 3.9 (7) - - 3.5 (7
7/10/718 4,7 (3) 4.8 (3) 5.2 4.2 (3)
919,71 4.1 (2) 4,5 (4) 4.5 37 @
10/04/71 4.4 (3) 5.0 (3) 4.6 3.9 (3)
9/04/72 4.4 (3) 4.3 (4) 4.6 4,2 (3)

0o T Q

a.

. Numbers in parentheses are those of amplitude readings.,
. SALMON nuclear test,
. From Jordan gta_l.]2

. Western Quebec mine blast.

e. All following explosions were located in Western Russia.

s e Ny A
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signal-to-noisc ratio for the Pn signals is significantly lower than that for the Sn signals. This
disparity can be explained in terms of the wide-angle reflection hypothesis. Pn energy, having
the higher phasc velocity, tends to leak energy out of the lithosphere, whereas Sn energy tends
to be trapped. Of course, scattering and anelastic attenuation will contribute to amplitude diin-
inution of both phases. This speculation should be tested with more observations and by com-

parisons of real and synthetic scismos;rams,
T.J. Fitch
M. W. Shields
R. IX. Needham
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Fig. 1-27.

velocity).

Wavenumber spectrum at 1.2 Hz
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