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LONG-PERIOD SEISMIC METHODS FOR IDENTIFYING
SMALL, UNDERGROUND NUCLEAR EXPLOSTIONS

Brief Summary

I. Objective
The overall objective of this research has been to develop and test new
methods for isolating diagnostic long-period information that can be used

to distinguish small underground nuclear explosions from earthquakes.

IT. Major Accomplishments

The major accomplishments of this research include the following:
(a) a method for extracting spectra of weak Rayleigh and Love Waves by
combined use of matched filtering and array summing; (b) mode separation

techniques for isolating individual Rayleigh and Love modes frequency by

frequency and measuring their excitation; (c) showing that Rayleigh wave
spectral shapes, radiation patterns, and energy distribution among modes
is consistent from explosion to explosion in given source areas while Love
wave excitation seems to depend strongly on near-souice geologic structure
and prevailing regional stresses; (d) a method for combined use of Love
and Rayleigh waves to obtain a surface wave magnitude estimate that is
nearly independent of fault strike, dip, slip, and at the longer periods
(30-50 seconds) depth; (e) showing by relative dispersion measurements
and comp:risons of explosions and collapses at NTS that explosion generated

Love waves result from the release of shear energy in the immediate vicin-

ity of the shot point and not through conversion of compressional waves;

(f) a new method for computing the spectral distribution of energy with

time on a seismogram that allows quantitative evaluation of the partitioning




of energy among seismic phases to be duhe routinely and makes it practical
to utilize all the information on the seismogram; earthquakes and explo-
sions in Nevade of comparable budy wave magnitude show distinctly differcnt
energy partitioning both & tadlly and: spectpdlily when fevaliiet&d iml ®his
manner; (g) a method for obtaining surface wave dispersion (hence struc-
ture) in the vicinity of a given source region by use of an array of
sources in that region and only a few distant recording stations; (h)

a method for experimentally determining Rayleigh wave ellipticity disper-
sion at a single, three-component station thereby allowing an estimate of
the crust and upper mantle structure under the receiver to be made; (i)

a method for obtaining accurate relative locations of events using only
observed arrival times of P-wives and/or matched-filtered surface waves

at a common set of receiving stations; and (j) implementing these methods
with IBM 360/67 computer programs which peiruit routine application of

these techniques to large amounts of data.

These developments are relevant to all three of the major problem
areas in the VELA Uniform program — detection, location, and identifica-
tion of underground nuclear explosions, because they constitute effective
new methods for utilizing long-period information in each of these
problem areas.

This grant has supported wholly or in part three completed Ph.D.
theses and three that are nearing completion. In addition some of the
basic techniques develcped have led to more thorough testing on larger

data sets by other organizations. Publications based on the work

summarized above are:
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AINTRODUCTION

This report describes resecarch conducted on the problem of utilizing
long-period information to improve cur capability of identifying small,
underground nuclear explosions. The results appear here in rather con-

densed form with more complete detzils given in the Appendices or refer-

enced publications.

RESULTS

The results summarized abQVe are discussed in the main body of this
report under several main categories: surface wave detection and analy-
sis, source parameters, crustal structure, relative location of events,
and computational programs.

Surface Wave Detection and Analvsis

1. Detecting and separatinz Love and Rayleigh waves for small events.

The single channel and array matched filter methods developed originally
by Alexander and Rabenstine (1967a, 1967b) for lowering the detection
threshhold for Rayleigh waves and increasing their siznal-to-noise ratio
were adapted for use on the I.B.M. 360/67 and extended to include spectral
shaping of natural reference filters for optimum S/N gain, calculations of
synthetic matched filters from dispersion and attenuation observations,
and adjustmercs for natural reference filters to correct for epicentral
distance differences. Our results indicate that for continental-sized
arrays the frequency dependent differential attenuation along the various
source to receiver paths should be included to obtain a better S/N in the
array sum. A first approximation to this cor._ction can be obtained by
empirically equalizing all the reference event spectra to a single shape
and applying the same station equalizations to the spectra of the individual
seismograms being analyzed. However, if the refcerence event is an earth-

quake, frequancy-dependent radiation patterns (source mechanism) may be
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responsible for a large iraction of observed variations in spectral shapes
for different azimuths. Consequently, this correction should be made with
due caution and preferably established by examining a large explosion
signal or averaging sever-=1 core of torrections from sizeable earthquoles
in the source region of interest.

Because Love wave excitation is potentially as useful for identific -
tion of small events as Rayleigh waves, we set out to apply the same
matched filter methods for detect? g weak Love waves. The problems in-
volved in actually obtaining pure Love-wave reference filters by combining
the horizontal components in such a way that Rayleigh waves are eliminated
soon became apparent. Simple rotation of horizontal comuponents usually
does not succeed because lateral refraction gives rise to frequency depend-
ent propagation directions at each station. Moreover, Love waves of a
given frequency may be Propagating in a different direction than Rayleigh
waves of the same frequency when they reach a particular station, so that
Rayleigh particle motion is not orthogonal to Love wave particle motion.
We were able to devise a method which will effect the desired separation,
however. Briefly it consists of determining the directioun of propagation
of Rayleigh waves with frequency either from three components at a single
station using ellipticity constraints or from an array (e.g. LASA) of
vertical components, then for each frequency rotating the horizontal com-
pPonents to obtain a component normal to the Rayleigh direction, and final~
ly synthesizing the pure Love signal for use as a reference filter. These
spectral rotation operators can then be applied to seismograms containing
weak signals frou tﬁe same source region. In effect this operation amounts

to a Rayleigh wave rejection filter which retains almost all of the Love




wave energy. An alternative approach is to vse the Rayleigh directions and
measured ellipticities to subtract the Rayleigh wave contribution from the
horizontal components. Once these operations have beon applied then Lo
modified seismograms and Love wave ref rence filters can be used in W e
the same manner as in the Ravleigh wave matched filter procedure.

Another approach for separating Love and Rayleigh fundamental rodes,
applicable only to arrays, was also devised. First, high resolstion fro-
quency-wave number filtering is applied to the array of Qertical components,
At each frequency this gives estimates of the signal power, propagation
direction, and propagation velocity for the Rayleigh waves. Then the
same procedure is applied to each set of corresponding unrotated horizontal
components. For each set containing appreciable Love and Rayleigh energy
two peaks appear, one giving the Love wave power (scalri by the square of
the appropriate direction cosine), the velocity and direction of propaga-
tion and the other giving the analogous hor<zontal component Rayleigh wave
estimates. Simply summing the partial powers for each set gives the total
Love and Rayleigh power at each frequency. The identification and separa-
tion of Love waves by this method is unambiguous because the horizontal
Rayleigh wave f-k peaks match one-to-one those obtained from the vertical
components. The remaining peaks, therefore, represent the Love wave con-
tributions. This method is particularly useful when the propagation
directions for Love and Rayleigh waves are different since the Love and
Rayleigh f-k peaks are moved farther apart, whereas when the directions
coincide, the phase velocity differences may not be sufficient to effect
total separation. ﬁowever, if the Rayleigh-wave ellipticities are known,

then the Rayleigh contribution can be subtracted from the horizontal f-k
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spectra to leave only the Tove wave; or the horizontals can he rotated
90° to the Rayleigh direction and a transverse f-k spectrum computed.
The threshhold for using this modified f-k approach remains to bhe estah-
lished. However, it clearly is useful for providine the parometers
needed in the previous methods for obtaining refirence Love wave filters
and the rotation operators for preprocessing of the small events.

The success of all of these separation methods depends critically
upon knowing the instrument respouse (both amplitnde and phase) of all
three components of each station. Consequently, considerable care must
be exercised in applying these techniques on a routine basis.

2. Spectra of weak surface wave signals

Theoretical analysis predicts and limited experimental evidence on
larger events confirms that, in addition to substantial differences in
total surface wave energy for explosions and earthquakes of comparable
P-wave magnitude, the overall spectral shapes of explosions and earth-
quakes may differ substantially. At the larger magnitudes at least,
earthquakes signals are generally enriched in long-period energy compared
to explosions. However, theoretical calculations (Von Seggern, 1969)
show that earthquake spectra can match the explosions shapes or even
exhibit greater high frequency excitation for certain fault orientations
and sourc¢-to-receiver azimuths. We also documented this effect experi-
mentally. )

Figure 1 compares (for the stations and distances indicated) the
shapes and positions of Rayleigh wave spectral peaks for LONGSHOT and

the 22 November 1965 Rat Island carthquake of comparable body wave wagni-

tude. The stations are on a single azimuth from the source. There

e T — e
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appears to be a systematic shift in spectral peak to lower frequency us

the distance increases for both the earthquake aund the explosion. Fre-
quency dependent attenuation with distance along the inter-station troiis
mission paths may be responsible {or the obscrved shift. nince the shilt

is 'n the proper sense. Regardless of the physical expi.onation this
example points out the importaunce of comparing events only using stations
in common for the events of interest (i.e. in the cases plotted here,
each station, taken individually, has distinctly diffcrent spectra for
the two events as does the average of the coumon set; however, had we
compared the LONGSHOT spectrum observed at RGSD with the earthquake spec-
trum obtained at JPAT the shapes would be quite similar). The ratio of
the earthquake pcak power to the LCNGSHOT peak power is approximately

750 for all stations (i.e. an amplitude ratio of about 25).

Figure 2 shows that the 22 November 1965 Rat Island earthquake
exhibits a frequency dependent radiation pattern while the LONGSHOT explo-
sion with the same Mb does not (at lecast for two azimuths differing by
about 25 degrees). The reasoning is that for two stations (RGDS and RKON)
located at about the same epicentral distance but differing azinuth the
LONGSIIOT spectrum peaks at the same frequency at both stations with a veuy
similar shape at the longer periods while the earthquake peaks at about
.04 Hz at RGSD and at .045 Hz at RKON with a significantly different shape
even at the lower frequencies. This similarity for LONGSHOT shows that
path effects are comparable for both azimuths, especially so for periods
of 20 seconds and above. Therefore the observed azimuthal difference in
the carthquake's spectrum must be due to the source mechanism. This

suggests (as does theory) that frequency dependent radiation patterns are
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indicative of earthquakes and may be used iu conjunction wi.th MS vs Mb
criteria in identifying events provided the transmission path can be ruled
out as the cause of different observed spectral shapes u]ong different
azimuths.

Attenuation along the path and site response definitely distort the
observed Rayleigh wave spectral shape and level as is evident ir Figure
1. These effects can be largely eliminated, however, if we compare only
events occurring in the same source region at a common network of receivers
because the transmission paths are in common for all events propagating to
the same set of stations. This approach (regionalization) avoids the uncer-
tainty involved in maising corrections for these effects and allows direct
cemparison of source differences.

Figure 3 shows normalized spectra of Rayleigh and Love waves for three
NTS explosions recorded at PGBC. The corresponding Rayleigh wave seismo-
grams are shown in Figure 4. It is clear that the Rayleigh waves from
these explosions have almost identical spectral shapes while the Love waves
are more variable reflecting Adifferences in the excitation of SH energy
from event to event. The RKON Rayleigh wave signals (hence spectra) are
also similar for these small events as seen in Figure 4. There are numerous
other examples in the recent literature further suggesting that explosion
generated Rayleigh wave spectral shapes are invariant over a significant
range in body-wave magnitude. A report by Alcxanéer and Lambert (1972)
summarizes these findings and presents spectra of additional sets of
explosions and earthquakes further confirming the points made in this
section.

In spite of the above and other complications, spectral information
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is important to obtain as part of the charasterization (regiocnalization)

of the seismic events that are expected to occur in piven areas of interest.
We extended the matched filter metrhods discussed earlier to permit improved
estimates of spectra to be obtatnad.

Briefly the procedure used ‘s as follows: (a) compute the power spec-

trum of a velocity window T containing the weak signal for each station;
1
(b) subtract from each such spectrum a noice pover estimate obtained from

a long portion of the seismogram preceding the siznal window. This gives

the conventional spectral estimate at each station; (c¢) sum these individ-

ual noise-corrected spectra over an array; (d) extract rrom each matched
filtered seismogram a time window T, about the expected signal peak and
compute its power spectrum. This spectrum contains the desired signal

T
power (smoothed) but with =2 less noise power than the result at step (a)

T
ahove; (e) subtract a noise power estimate obtained from a long noise
sample preceding the signal window; (f) sum these individual noise-
corrected matched filter spectra over the array of stations; (g) repeat
steps (d) and (e) on the matched filter sum trace to obtain another esti-
mate of the signal spectrum; (h) plot and save any or all of the above
outputs.

The approach discussed above, is equally applicable to local arrays
(e.g. LASA) and to continental-sized arrays (e.g. LRSM). Results on
test cases (Alexander and Lambert, 1971) indicate.that this approach
allows reasonable spectral estimates to be obtained for Rayleigh waves
at LASA (using 9 elements) down to individual station signal-to-noise

levels approaching unity (where S/N is the maximum signal irace amplitude

divided by the RMS level of the noise in the band .02-.065 Hz) and that
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the best spectral estimates are obtained from the matched filter sum trace.

We have also computed spectra at LASA for events of different magn itude

from the Kuriles, Hokkaido, and the Greenland Sea (Table 1) using this
approach. Figure 5 shows th: .pectral shapes obser '2d at LASA for a
Kurile Island pair representiug Mb = 5.6 (reference event 21 November 1966)
and Hs = 4.3 (19 Apr. 1967) in Table I(b); the distance is 7346 km. The
spectra shown have been summed over LASA and noise corrected (normalized
noise spectrum is shown). The.dirently computed spectrum (DIR) and the
matched filter computed spectrum (MF) for the small event are shcyn. The
values given at the top show the relative power in the two events (2400 vs
4.3 or 4.9). This is approximately what is expected from the body wave
magnitudes i.e. (105.6)2 vs (th.a)z. Note that the small event peaks at
a higher frequency than the large event; this represents a difference in
source excitation because the transmission paths are common for both.

The earthquakes from Hokkaido show a systematic shift in their Rayleigh
wave speciral peaks with magnitude, such that the smaller the event (at
least to nb=4.0) the higher the peak frequencies as seen in Figure 6.

Such a systematic relationship was not observed for the Kurile events as
seen in Figure 6.

Figure 6 shows the frequency at which the Rayleigh wave speccrum
peaked vs Hb at LASA for several Hakkaido and Kurile Island events sum-
marized in Table I. Alsc shown are the ranges (arrows) in peak frequency
observed at LRSM stations along a single azimuth SW across the US for
LONGSHOT and the 22 Novewber 1965 Rat Island earihquake which was located
very ciose to LONGSHOT (about 50 km) and which had the same body wave

magnitude. Since for each source region the trarsmission path is essentially
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TABLE IA - EPICENTER DATA FOR 3

Date Latitude

26 Nov. 1966 42.7°N
2 Nov. 1966 43.1°N

25 Jul. 1967 42.3°N
27 May 1967 41.9°N
21 Apr. 1967 41.0°N
12 Nov. 1966 41.7°N
11 Dec. 1966 42.9°N
18 May 1967 41.9°N
31 Jan. 1967 42 .8°N
29 May 1967 43.3°N
1 Dec. 1966 41.6°N

6 Jan. 1967 41.8°N

12 Nov. 1966"  41.8°N

148.1°E
142.8°E
143.G°E
144.2°E
144.6°E
144.7°E
145.4°E
145.7°E
139.6°E
143.3°E

144.1°E

R R s e s R

VENTS FROM HOEKAIDO

Origin Time Deptl

(GMi) (KM)
17:05:08.0 54
17:25:48.0 63
152241703 75
20:11:11.0 68
9:24:00.0 35
23:04:58.8 33
19:47:34.2 57
11:33:31.6 41
17:43:56.2 44
21:01:44.3 88
18:56:23.1 173
0:04:02.7 35
12:49:43.6 33

4.7
4.8
4.9
5.1
5.3
B
5.5

5.8

*
Reference Event




TABLE IB - EPICENTER DATA FOR EVENTS FROM KURILE ISLANDS

AT R SRS e

Origin Time

Date Latitute Longitude (eMr)
2 Dec. 19566 43.9°N 149.0°K 23:46:55.2
2€ Jun. 1967  45.0°% 147.3° 4:53:43.5
19 Apr. 1967  45.4°N 150.8°E  10:46:49.0
29 Mar. 1967  44.4°N 148.4°E  10:01:10.2
19 Jan. 1967  48.7°N 155.1°E  19:46:28.3
18 Jun. 1967  47.6°N 154.3°E 2:42:45.1
11 Nov. 1966  50.3°N 155.5°E  16:03:38.0
22 Dec. 1966  48.6°N 156.3°E  19:24:06.5
1 Apr. 1967  45.8°N 151.7°E  14:00:33.8
1 Apr. 1967  46.3°N 152.0°E 5:56:00.0
21 May 1966"  46.7°N 152.5°E  12:19:27.3
1 Apr. 1967  45.8°N 151.8°E 5:54:19.1
11 Apr. 1967  45.7°N 161.8°E  12:28:35.5

Depth
_(km)

98
83
33

26
29
32

145
77
23
40
40
40

40

B G, AT

Magnitude
4.1
s 4.2
4.3
4.4
4.5
4.6

4.9

5.4
5.5
5.6
5.7

5.9

*
Reference Event
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invariant the dependence of spectral peak on Mb is a measure of the dif-
ferences in source excitation. The Hokkaido events appear to be reason-
ably systematic (dashed line) while the Kurile events show no systematic
dependence on magnitude. The range observed for LCNGSHOT and the
22 November 1965 Rat Island earthquake is a manifestation of the effects
of attenuation and/or other transrission factors in shaping the spectrum
at each station along the profile.

Figure 7 shows the matched filter sum of the Rayleigh waves over
LASA for these events. The sum is proportional to a surface wave ampli-
tude measurement, hence, proportional to MS with little scatter. These
(time-domain) estimates include energy over the entire long-period
frequency band, and the results show that the total Rayleigh energy varies
smoothly vs the body-wave magnitude, even the Kurile events whose spectral
peaks (shapes) were so scattered (Figure 6). Note that the events which
show low surface wave values are deep; (depth vaiues in pareantheses).
The arrows shifting two Hokkaido events to larger magnitudes result from
a recomputation of Mb by Jarosch (1968) taking the observed body-wave
radiation pattern into account. The Greenland Sea events show relatively
large MS/Mb values possibly reflecting significant body wave attenuation
at the Mid-Atlantic ridge source. The fact that the slope of the observa-
tions seems to increase at the larger Mb values (dashed line) may be due
to a systematic under-estimation of Mb at larger magnitudes by virtue of
the way Mb is obtained (i.e. from short-period measurements at about 1 Hz);
this excludes long-period P-wave excitation. Aki's w2 modgl is shown for

reference.

Also, the Greenland Sea events from one particular epicentral region
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had spectral shapes which did not change significantly with magnitude.

Again these data show that spectral shape is not a good diagnostic and
that each source region of interest should be documented individually in
order to establish any trend in the spectral excitation vs magnitude
expected for ecarthquakes in that region. Wide azimuthal sampling (prefer-
ably 180° or more) is also neecded to establish the consistency in spectral
radiation patterns.

While these spectral techniques have been tested primarily on Rayleigh
waves, the same methods apply cqually well to Love waves. The only com-
plication is in first separating the Love waves so that the spectral esti-
mates are not contaminated by Rayleigh energy. The separation methods
discussed earlier in this report can be used for this purpose.

He Combined use of Love and Rayleigh waves for improved surface wave
magnitude estimates.,

By using the theory developed by Harkrider and Ben-Menahem (1964) for
Rayleigh and Love wave excitation by various sources in a layered half-
space we have been able to calculate the cffects of the fault parameters
of strike, dip, slip, and depth on Rayleigh and Love magnitude estimates
for realistic earth models (e.g. Gutenberg continental model). We have
investigated various ways of combining Love and Rayleigh energy to obtain
magnitude estimates which are invariant under changes in these paramecters.
Our results indicate that simply summing the Love and Rayleigh power spec-
tra for 8 or more stations distributed approximately uniformly over any
180° azimuthal sector will nearly eliminate the effects of strike, dip,
and slip on this coﬁbined magnitude estimate. However averaging Rayleigh

waves alone is better for shallow source depths. 1In addition, measuring




the combined magnitude in the 30-50 second period range should largely

eliminate the dependence on depth, at least for sources shallower than
50 km while comparisons at shorter periods can be used to estimate source
depths,

The main difficulty in applying this approach is in correcting for
propagation effects that can seriously alter the spectrum obscrved at a
given station. However, for given source regions and a fixed network of
stations distributed in azimuth, rcliable relative magnitude can be ob-
tained by applying this approach because the distortions introduced by
propagation are common to magnitude estimates for each event. Thus,
given sufficient azimuthal coverage, this technique will make the MS vs my
diagnostic more powerful because we can obtain more accurate magnitude
estimates for earthquakes without any knowledge at all about their
mechanism. If this approach is used in conjunction with the methods dis-
cussed earlier for detecting and separating weak‘Love and Rayleigh waves,
it should be possible to obtain more reliable surface wave magnitude esti-
mates for small earthquakes since only a few stations are needed.

In the process of making this combined magnitude estimate, detailed
information on Love and Rayleigh waves individually will be obtained at
each station, which in turn can be used to infer source mechanism para-
meters for the event. Details of this study are included in Appendix I.

4, Mode Separation ¥

In addition to fundamental .niode observations the relative excitation
of surface wave modes is also potentially diagnostic of source type and
depth. MHowever, in order to use them it is necessary to isolate and

identify particular modes. The basic approach of Alexander (1963) using

Y e T ———

Py
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narrow-band filters and recent developments by other workers was used in
this aspect of the study. The relative excitation of ecach mode, its group
arrival time, and its local particle motion (ellipticity) can be obtained
at each center frequency by suporimposing the vertical and radial (rotated
horizontal) output. TFigure 8 shows an example of multiple filtering of a
distant teleseism from Mongolia recorded at LASA. At cach period contribu-
tions from scveral Rayleigh mers and onc body are present and separable.
Notice also the dispersion as the time of arrival of energy packets for

each mode changes with period. More details concerning these techniques

are contained in the thesis by Newton (1973).

g
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source Parameters

Ideally we would like not only to identify specific events as explo-

sions on carthquakes but also to derive information on the source

mechanism of carthquakes typical of a given source region and the stress

system that produced them. Several results of this rescarch that bear

directly or itdirectly on this problem are summarized in this section.

1.

Use of entire seismic signatures for source information.

-
Typically only the short period P-waves and fundamental Rayleigh and

Love waves have been used routinely to identify explosions (e.g. MS v mb,
location from P-arrivals and depth from pP-P estimates). From theoretical

considerations and observations of large explosions and earthquakes one

expects that there should be a fundamental difference between the spectral

distribution of energy emitted as shear waves vs compressional waves., 1In

turn this is reflected in the temporal and spectral distribution of energy

among various body wave arrivals and surface wave modes observed at

regional and teleseismic distances.

way of this additional information several techniques were investigated.

a. Pattern Recognition and Energy Distribution Among Phas

o i met g

In an effort to make use in a practical

ses as a Possible
Discriminant

Typically the information taken from seismograms for distinguishing

earthquakes from explosions represents only a fraction of the total seismic

signature. One rcason for this is the difficulty in rapidly examining

seismograms from many stations. We have developed a tractable approach to

this problem that opens up interesting averues for future applications.




R

Basically the idea is to compute the Fourier spectrum for ecach of a

succession of overlapping, short time windows that taken together represents
the spectrum as a function of time. (This is the basis for secismoprint or
voiceprint displays of time varying spectra such as presented by Cohen (1969)
for just the P wave portions of scismograms.) In this fashion we can see
both the spectral and temporal distribution of energy in the entire seismo-
gram.

Because of the fundamentally different source mechanisms for earthquakes

and explosions the spectral distribution of energy among phase (e.g. P, S,
Rayleigh, Love) should be different for the two types of events. We will
show some examples that demonstrate this difference for the Shoal-Fallon
events observed at LRSM stations shown in Figure 9.

Figure 10 is a comparison cf the seismcpiams for the Shoal explosion
and Fallon earthquake as observed at HLID. It is clear from visual compari-
son that the temporal distribution of energy is quite different for the two
events.

Figure 11 shows the seismoprints for the vertical components of these

seismograms with contours of equal power shown. The star denotes the maxi-

mum over the entire seismogram. Note the difference in the spectral as

well as temporal distribution of energy that is not evident from visual

examination of the seismograms; that is, the energy distribution pattern
differs. A large fraction of the earthquake energy is concentrated in the ]
surface wave (Lg) portion of record whereas most of the energy in the

Shoal reccord is in the P-wave (Pg) portion. Since those events were very

nearly the same body wave magnitude and most of the propagation path is

common these differences represont actual differences in the sources.
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Figure 12 shows the results for the transverse component at HLID. 'The
Fallon (transverse) energy is move concentrated in the surface wave portion
than was the vertical. Shoal (transverse) still has maximum encrgy in the
body wave portion but some cnergy is arriving steadily throughout the record
with a gradual shift to lower frequencies. The patterns for Shoal and
Fallon are unmistakably different.

Figure 13 shows the seismoprints for Shoal and Fallon at KNUT. Here

the differences are still more pronounced than for the cases discussed

above with Fallon's energy again concentrated in the surface wave (Lg)

portion. Figure 14 shows the vesults for the transverse component. It
is evident that the earthquake's energy is heavily concentrated in the
surface (Love) waves.

It is interesting to compare the seismoprints for similar components
at the two different receivers (Figs. 11 and 13, Figs. 12 and 14). The
pattern for the explosion and carthquake are very similar at both statioms.
This suggests that pattern recognition techniques can be used to advantage
in classifying cvents provided they are sufficiently consistent. In this
connection the signatures are quite consistent from explosion to explosion
(at least for the long periods) as mentioned previously (Figure 4) and as
illustrated in Figure 15 showing events DUMONT and PILEDRIVER as observed
at AX2AL (2764 km). Notice also that the short period surface waves are
clearly visible in both events, suggesting that the short-period energy
distribution could be used for classifying events out to teleseismic
distances in a manner analogous to the regional observations discussed
above.

The principle advantages of this approach are: (1) that it is

inexpcisive in computing time and can be appliced voutinely to large




quantities of data, and (2) that spectra and spectral ratios among partic-
ular phases can be extracted divectly from the seismoprints simply by
extracting a window containing cach phase of interest, and (3) the seismo-
gram is cast into a form where both spectral and temporal cnergy pattern:
are immediately apparent,

Once the data are transforncd into the seismopriut "domain' and
stored a two-dimensional array in the computer, then it is extremely
simple to compute energy distribution among phases, total energy ratios
among phases, and spectral ratios among phases. To illustrate this apprnach

the seismoprints discussed above (plus those from other LRSM stations) were

used to compute the spectral ratios of the body waves to the surface (Lg)

waves; a group velocity window beginning at approximately 5 km/sec was

used as the beginning of the surface wave window (see Figure 10 where

this is shown). Figures 16 to 19 show these spectral ratios for both
Rayleigh and Love waves at HLID, KNUT, CPCL, and DRCO (see map in Figure
9). R is the ratio (db) of body-wave energy to surface wave energy for
frequencies up to 3.5 Hz; note that R=0 means an equal amount of energy,
positive values predominantly body wave energy, and negative values pre-
dominantly surface wave energy. (It is instructive to refer to the seismo-
prints in Figures 11 to 14 when examining Figures 16 and 17). It is clear-
ly evident from these figures that there is 10 to 20 db difference in the
ratio of body wave to surface wave energy between the Shoal and Fallon
events. This is reflecting the usual differences in MS vs m, for earth-
quakes and explosions ecven though the surface waves here are higher modces
(Lg’ etc.). The separations hecome somewhat less pronounced at the lower

frequencies but still remain apart for these two events. This example sug-

gests that if high frequency (1-4 lz) signals can be observed at
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sufficiently high S/N levels, seismoprint analysis and spectral roiios

can be used to distinguish hetvecn earthquakes and explosions. It should
be noted, however, that attenuation will begin to sap the energy from
the high frequencies at larger distances: therefore favorable (high Q)

Propagation paths to receivers are highly desirable,

Conclusions

1. Using the approaches discussed, the entire seismogram can be
used to classify the event, providea the characteristic energy distribu-
tion patterns are consistently different for earthquakes and explosions.

2. There appear to be pronounced differences in the energy distribu-
tion of short-period waves gencrated by earthquakes and explosions.

3. The method provides a pPractical means of extracting discriminant

parameters such as Lg/P, S/P, and body wave spectral splitting.
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b. Multiple Estimates of Source Pnramdcers From Each Seismogram.

Each separable body or surfiace-wave phase potentially contains source
information (e.g. pP, PcP, PP, S, sS, ScS) but typically only the direct
waves are used to obtain source information from spectra such as corner
frequency and seismic moment. We have developed a practical procedure for
routinely computing spectra of the various phases; it siuply consists of
keying on standard travel-time -curves to define the time windows containing
each phase and transforming tie arrivals in each such window to obtazin the
spectral excitation of that phase.

A few examples will illustrate this approach. For the Shoal-Fallon
pair spectra of windows that bracketed the P, Pg, and Lg arrivals were com-
puted for several LRSM stations. Figure 20 compares the P-wave spectra at
HLID: Shoal exhibits a distinct corner frequency at about 2.5 Hz while
Fallon's P-wave spectrum is very irregular with no well-defined corner.
Figure 21 compares the Pg spectra for HLID. In this case the observed
corner frequency for Shoal is at about 3 Hz whereas that for Fallon is at
about 1.7 Hz; this reflects the difference in source dimensions for these
events and potentially constitutes a means of identification provided the
events have about the same propagation path. Figure 22 shows the results
for the Lg portion of the HLID seismograms; no easily identifiable corner
frequency is evident and this was found to be typical of other LRSM sta-
tions. Evidently the ensemble of higher modes masks or at least subdues

any manifestation of source dimensions through corner frequencies.

Figure 23 compares the P-wave spectra for KNUT and again there is a
distinct corner for Sloal but not Fallon. Figure 24 shows the results
for Pg at KNUT; the corner for Shoal is again very clear at about 3 Hz

but scalloping prevents an unambiguous selection for TFallon. Figure 25
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shows the results for Lg at KNUT and no corner frequency is evident.

Figure 26 compares the P-wave spectra for LCRM at o distance of over
1000 km. 7Tn this case apparent corner frequencies are present at arvoun
1 Mz but no appreciable diffcrence in the corner frequencies can he Jdi
cerned; this is primarily the cffect of path attenuation stripping away
the high frequency corner-frequency information at around 3 iz and produc-
ing a similarly shaped spectrum for both events. Figure 27 compares the
Pg spectra at LCNM; in this case the apparent Shoal corner f{requency is at
about 1.7 1lz while that of Fallon is at about 1 Hz. Thus, the corner fro-
quency distinction is still discernable but not to the same degree as at the
closer stations. Figure 28 compares the Lg spectra at LCNM. As before,
no corner frequency information can be inferred.

Thus it appears that at regional distances the Pg portion of the seis-
mograms contains the most diagnostic information on source dimensions and
that the Lg jortion contains essentially none. Tt should also be noted
that estimates of corner "requencies of different arrivals can also be ob-
tained directly from the seismoprint displays such as those in TFigures

11-14.

An example of multiple phase spectral estimates for long-period tele-
seismic recordings is given by results for the SCP scismograms shown in
Figure 29 for an carthquake in Paraguay on 13 January 1968 at a depth of
192 km; the epicentral distance is 7407 km. Figures 30 and 31 give the
P and pP spectra obtained by the "automated" method of selecting time
windows. The appafcnt corner frequencies agree approximately (at about .10

Hz) with the pP perhaps shifted slightly toward a lower value. Figures 32
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and 33 compare the S and sS spoctra. Again there is close agreement with
the eorner located in the vicinity oi .06 Hla.  Gote that the ratio of corner
frequencics is approximately in the ratio of $/P velocities as suprested by
recent source theory.  The ¢ et ¢oosoarrival s essentially the
same spectrum as § indicates that there is not a low Q zone above this
source.

Thus, by applying this approach and perhaps combining spectra of like
body waves (e.g. P and pP) rnru'ru]iwhlu estimates of source parameters,
especially source dimensions, can be obtained.

2. Mechanism of Love wave gencration by NIS cxplosions.

One important result obtiincd in the course of this investigation
concerns Love wave generation by NTS cxplosions. This has been a subject
of long and inconclusive debate centeving around the question of whether
near-source P-SH and SV-SIl conversion due to complicated geologic structure
or tectonic release in the immediate vicinity of the explosive source’ pro-
duced the substantial but variable Love waves observed. In this study the
combination of two observations provide conclusive evidence that Love waves
are generated primarily by tectonic release induced by the explosion and
not by cunversion.

The first is the fact that cavity collapses following some explosions
produce almost no long-period Love waves while the long-period Rayleigh
waves so generated are almost perfect replicas (with a 7 phase difference)
of the explosion signal; this shows that conversion cannot be important
because the explosicn and collapse source points and propagation paths

to given receivers are identical. Figure 34 shows an outstanding (typical)

example of this phenomenon for the Bilby cxplosion and collapse recorded
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at Winnemucca, Nevaday the Love waves are clipped for the explosion and

! absent for the collapse.

The second line of evidence is provided by the differential dispersion
of Love waves generated by nearby sources.  Figure 35 shows the Love wave:
generated by the explosions Pile briver, Tan, and Half-Leak as obscerved ot
HNME with epicentral distances of 4059, 4064, and 4073 km, respectively.
The vertical line represents a common time base with respect to the known
origin times. It is clear that there is differential dispersion of the
Love waves even though there is only 14 km maximun difference in source-
receiver distance; careful measurcuents show that the dispersion is that
appropriate for the Basin and Range (NIS) source region and this indici.tes
that in each instance the signals were gencrated in the immediate vicinity
of each source. Further evidence of this is the fact that in opposite
directioas similar results and conclusions are obtained.

Thus these two lines of evidence lead to the conclusion that explo-
sive sources generate long-period SH energy in the: immediate vicinity of

the point of detonation.

. p—

An apparent dilcmmna is posed by the fact that Rayleigh waves show
little influence of S-wave generation by the explosion as evidenced by
the similarity of wave-forms from explosion to explosion with different
Love wave levels and between explosion and collapse and that there are
no long-period teleseismic ohservations of SH energy even for explosions
that generate large Love waves.

The first of these was investigated theoretically and based on the
results we believe that the fact that Rayleigh waves in the period

range observed are not strongly affected by the tectonic release induced
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by NIS explosions is due to the prevailing stress system in Nevada. That
is, for vertical strike-slip faulting that is typical of the NTS area

Love wave excitation should bLe approximately 20 times greater than Rayleigh
excitation in the period rance 19-50 seconds:  Thas if the observed Love .
and Rayleigh signal amplitudes are roughly comparable, as is common, then
the Rayleigh waves would be perturbed only by about 5 percent due to the
tectonic release.

The reason explosions gencrate SH sufficient to produce large love
waves but apparently do not emit long period SH body waves may be that the
cracking induced by the explosion is predominantly lateral (horizéntal)
with crack orientations controlled by the regional and local tectonic
stress, while fewer cracks propagate downward. Thus most of the SH energy
from fracturing that is emitted preferencially in a horizontal direction
is trapped in the crust and interferes constructively to produce Love
waves.

3. Least-squares estimates of source parameters from Love and Rayleigh
modes.

Some work was completed that showed the feasibility of utilizing fre-
quency dependent radiation patterns of Love and Rayleigh modes to find
source parameters, strike, dip, slip, depth, and seismic moment .

A non-linear least squares technique has been developed for determin-
ing seismic source parameters (fault strike, dip, and slip) for earthquakes
using surface wave spectra at different azimuths. A multipola. source
representation in a layered half space, derived from the mathematical
source description of Harkrider, is used for comp: ing trial cadiation
pPatterns. Regression analysis of the difference between observ and cal-
culated spectra is implemented by using a Taylor series approximation for

variations of radiation patterns with strike, dip, and slip. The






Crustal Structure

1. Remote measurements of c¢rustal structure in seismic source regions,

We have developed a method whereby dispersion measurements in a yiven
source region can be made by using a single distant receiver. In bric{,
the method consists of using an array of sources in the same fashion an
array of receivers is used conventionally for tripartite or multipartite
pPhase and group velocity measurcments. Since all ol the transmission paths
are in common except in the immediate source area the relative travel-times
provide a direct measure of propagation in the source region, just as rela-
tive times across an array of rcceivers reflect propagation there. Figure
35 in the previous section illustrates the feasibility of this approach.

The analysis is ideﬁtical to the usual multipartite phase and group
velocity measurements and the standard least-squares programs previously
developed can be used. It is especially important to note that the early
and simple time domain visual method of matching peaks and troughs across
a tripartite array can be used here; this means that elaborate computing
facilities are not required for obtaining useful dispersion data, using
this approach.

To obtain reliable dispersion estimates using this method one must
have accurate relative locations of the events used and accurate relative
origin times. Because standard epicenter locations are usually not near-
ly accurate enough we devised a method (discussed later in this report)
for determining relative locations using only the standard USC&GS P-wave
arrival times at a fixed network of stations. Rclative location accuracies
using this method are around 2 km (Spence, 1973). Relative origin times

we believe can be determined to better than 1/2 second for most ovents.
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We experimentally tested this source array di.persion technique toth
by using an ultrasoniec mode! for generalting Rayleigh waves under controlled
conditions and by analyzing Rayleigh and Love waves from. the larger NTS
explosions whose origin times and locaticns are known precisely. The mode)
experiment gave the expected dispersion, and both Rayleigh and Love wave
dispersion estimates for NIS are reasonable and similar in shape and value
to the average for the Basin and Range.

The importance of this method is potentially very great not only for
helping to distinguish between explosions and earthquakes but generally
for studying crustal structure and source mechanism in tectonically active
areas which are inaccessible for direct measurements. By using many events -
from a given region and several different receiver azimuths, differences in
initial phase spectra will tend to average out in the overall least-squares
solution thereby giving reliable average dispersion estimates. Once the
dispersion is known then individual initial phase.spectra can be compared
pair-wise for any of the events because differences due to propagation can
be removed. Also, better relative locations using surface waves can be
made for subsequent events.

Taylor (1972) explored this use of rclative event analysis both using
ultrasonic model studies and analyzing events on the Mid-Atlantic Ridge.
These results are summarized in Appendices IT and III containing preprints
of papers cescribing the method and results. .

2. Site structure from ellipticity dispersion.

As a by-prodv-_ of the methods for separating Love and Rayleigh waves
discussed earlier we obtain at each frequency estimates of Rayleig!. wave

ellipticity, that is the ratio of radial to vertical particle motion. The




ellipticity is dispersed (i.e. frequency dependent), different for each

mode, and dependent only on the earth structure bencath the recording
site. As a result, ellipticity dispersion in principal can be inverted
in a fashion analopgous to [hase and group velocity dispérsion to estimate
site structure.

We have made fundamental mode ellipticity observations as LASA sta-
tions in the period range 15-60 seconds for several events. Comparison
of these results with theoretical curves for layered models based on
refraction and surface wave dispersion analysis show good agreement.
Moreover, the observations provide additional evidence for east-west
lateral variations in the deeper part of the crust under LASA.

Provided ellipticities for a number of events are combined to obtain
statistically reliable ellipticity spectra, point-wise eostimates of crust
and upper mantle structure can be obtained anywhere a tliree-component
long-period station exists. A Ph.D. thesis by C. A. Newton (1973), com-
pleted under sponsorship of this Grant, presents in detail the various
aspects of the observation and interpretation of Rayleigh wave ellipticity

summarized here.

Relative Location of Events

Accurate relative locations are required in order to use the approach
discussed above to determine crustal structure in a seismic region from
an array of sources and to compare individual source time functions. We
have developed methods for using short-period P-waves and surface waves

for relative locations.

1. Relative locations from s'ort-period P-wave travel time observations.

This method consists of lotting P-wave travel time differences for
I

each event at a common network of stations as a function of aziuuth, using




if possible a reference event vhose location is well known. These travel

time differences fall on a curve of the form A cos (a + ao+ﬂ/2) where A
is the distance separating the events (times dT/dA) and 4; is thz: azimuth
connccting the two events. bsorvcd-travcl time differcaces are fit to
this function by least squares to obtain "best" estimates of A and -
Since receivers are usually located at different distances a correction
for variations in take-off angle is made before fitting the curve:; this
in effect equalizes all receivers to a common distance. Tests of this
method on NIS nuclear events whose locations are precise ly known and on
Lake Superior chemical explosions were made. In both cases ralative loca-
tion accuracies were good to within approximately 2 km, including one case
at NTS where the event separation was as large as 174 km. See also
Spence (1973) for a more exhaustive treatment of relative location methods
and results for other areas. We conclude therefore that we can estimate
relative locations of events to approximately 2 km, provided lateral vari-
ations in near-source structure are not significantly more extreme than
for these areas. Better relative locations were obtained by using only
teleseismic observations, because the take-off angles for these distances
are small and rather insensitive to structural variations in the source
region. By forcing thc closer station data to fall on the "best fit"
cosine curves for teleseismic observations we were able to obtain esti-
mates of %% for the nearer distances. In turn the;e can be inverted to
obtain shallow velocity structure along different azimuths from the source
region. This also provides a possible means of inferring lateral variations
in crustal structure in active seismic areas.

This «ppcoach, then, provides us with relative locations which are

sufficiently accurate to use the surface wave method described earlier for




R S e

-56
obtaining surface wave dispersion neasurcments using an array of sources
and only a few distant recordine stations. Tt has the important advan-
tages that only the standard USCLGS P-wave arrival times «ve required and
effects of trel time anomalics and station corrections are avoided.

2. Relative locations using surface wave observations.

Once the dispersion is known for a given source region relative loca-
tions can also be obtained using Rayleigh or Love waves in a manner
analogous to that described above. Again we take advantage of the fact
that the transmission path to each receiver is the same except for a portion
in the immediate source region. The grour or phase arrival time differences
for each frequency are plotted versus azimuth, fitted with a cosine curve
and interpreted in an analogous fashion to the body-wave case except that
no distance corrections are neceded. Although time differences accurate to
about .5 sec must be made for this approach to be competitive with the
body wave method, the fact that an estimate is obtained for each frequency
of the dispersed signal may allow us to relax this accuracy somewhat for

individual frequenc‘es.

Computational Programs

In the course of this study a number of programs were written for the
IBM 300/67 computer and others were adapted from existing programs obtained
at Penn State and elsewhere for use on this machine. These programs imple-
ment the methods discussed above and permit them to be used on digital
data appropriate to each technique. Although our purpose was primarily to
develop methods rather than exhaustively apply them, these programs for

the most part can be used in the routine processing of long-period data.

fr e
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One iImportant development was an economical an& efficient method for
digitizing analog (paper) records. Basically one only samples as often
as necessary to resolve the highest frequency arriving at that time (peaks,
troughs, and inflections) and interpolates to a desired uniform sampling
rate using a cosine interpolation.

The basic processing programs now fully operational include:

(a) Combined matched filter and spectral analysis.

This program has many options for analyzing both individual seismo-
grams and arrays. Input is primarily from magnetic tapes and results are
dispiayed using computer graphies routines and printer plotting.

(b) Multiple narrow-hand filtering.

This program applic; a suite of narrow-band digital filters of arbi-
trary shape and center frequency and plots each filtered seismogram and its
envelope. It is used for separating Rayleigh and Love modes, computing
spectra of each mode, and obtaining dispersion curves experimentally.

(c) Single station ellipticity dispersion and propagation direction.

Three orthogonal components are combined to give Rayleigh wave ellip-
ticity and propagation directions as a function of frequency, for various
modes. This program is used for mode separation and site structure.

(d) Synthetic seismograms.

From input spectra, attenuation, and phase velocity values theoretical
seismograms are computed for any desired distance. Provision is made for
compcsite paths with segments differing in attenuation and phase velocity.

(e) Least-squares dispersion estimates.

Relative arrival times for a multipartite array of stations (or sources)

are combined to obtain least-squares estimates of phase and group velocity

and propagation direction.




(f) Frequency-wave number analysis.

An array of N seismograms is doubly transformed into frequency-wave
number space. Plots at each frequency give power spectra, propagation
vectors, and propagation velocity for signals common to all the array ele-
ments. This is used successively on horizontal and vertical components to
separate Love and Rayleigh and measure Raylcigh wave ellipticity dispersion.

(g) Theoretical surface wave dispersion.

Programs written by D. G. Harkrider were adapted for use on Penn State's
comput... They calculate rultimode Love and Rayleigh wave dispersion fo:- an
N-layered elastic half ace. They also provide certain additional para-
meters needed for calcui:iing excitation spectra and radiation patterns for

explosive and earthquake sources at any depth.

(h) Theoretical suriace wave spectra a-:! magnitude calculations.

This program takes the results of program (h) above and computes Love
and Rayleigh excitation spectra, spectral ratios, radiation patterns, and
average magnitude for explosive sources at any depth and earthquake sources
of any orientation and depth in a multi-layered half-space. Data from this
program along with program (d) above can be used to calculate theoretical
seismogra's at any desired distance.

(i) Seismoprints -nd energy ratios.

This program generates the¢ seismoprint displays and computer desired
energy or spectral ratios.

(j) Dynamic finite element codes.

These programs calculate body and surface wave excitation for seismic

s»irces in complicated geologic structures.




(k) Non-linear least squares estimates of source parameters.

This program fits observed or theoretical radiation patterns to
obtain source strike, dip, slip, and seismic moment.

(1) Data tape conversion.

This program (BCDCUT) converts CDC 7-track block BCD card image data
tapcs to an IBM 9-track 'sta:.'ard" format digital tape. This program is
essential for using LRSM, Observatory, and array data from the Seismic Data
Laboratory in Alexandria, Virginia, the primary source for our experimental
data. A copy of this tape conversion program was given to the SDL for the
convenicnce of other IBM 360 users of their CDC data tapes.

(m) Miscellaneous programs.

Man: subroutines and additional small programs of ge: ral usefulnes-
werc v-itten or adapted for use in this project (e.g. distance-azi-wuth,
body . ave travel time, and crustal transfer functions). Complete listings
of these as well as the programs mentioned above are on file in the

Department of Geosciences, Geophysics Section at The Pennsylvania State

University.
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APPENDIX I

Long Period Seismic Methods for Identifying Small,
Underground Nuclear Explosions

I. Abstract

The thwory of earthquakes and explosive sources in multi-layered media
developed by Ben Menahem and Harkrider has been used to determine what com-
binations of Love and Rayleigh waves can be used to obtain improved surface
wave magnitude estimates. For deeper sources averaging the total Love and
Rayleigh energy over approximately 8 stations distributed over any 180°
sector will give a surface wave magnitude that is nearly independent of
strike, dip, and slip of the source, while for shallow sources ("5 km) the
Rayleigh waves alone averaged in the same mann:r azim thally gives the best

estimate. At periods shorter than 30 seconds these averages also cza give

estimates of source depth. These combined averages yield improved nagnitude

estimates only for fundamental mode Love and Rayleigh waves. 1In practice
it is highly desirable to make relative magnitude estimates, keying on a
well-documented explosion or earthquake in the source region of interest in
order to eliminate propagaiion effects. In turn the same data used for the

improved magnitude measurements can be used to infer source parameters.

1I. Introduction

The motivation for this investigation was to develop procedures for
obtaining improved surface-wave magnitudes in order to take better advan-
tage of a distributed network of stations in identifying explosions and

earthquakes using the Ms vs m and depth of focus criteria. 1In addition

as a by-product we expect to obtain observations necessary to infer the
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source mechanism parameters of strike, dip, slip, and depth for earthquakes.

III. Theorctical Development

The basic theoretical development used in this paper is that of Ben-Menahem
and Harkrider (1964). One of the main characteristics of the sourcé~time
function they consider is that it is separable. Since the source is in the
form of ~ delta function in time, the spectra we obtain are really the
iupulsc response of the layered half space.

The source descrijtion used by Ben-Menahem and Harkrider (1964) con-
siders a shear type fault with arbitrary dip and slip in a layered earth.

An equivalent force system is used to replace the physical fault, with

this force system generated from a single force. The time dependence of

the force is that of a Dirac delta function. The geometry of the fault plane
the same as that adopted by Ben-Menahem and Harkrider, 1964, p. 2607.

The double-couple source used in this analysis is obtained by the
superposition of two equal couples at right angles so that the total moment

of the system is zero. To obtain the far-displacement field for this
system we use:

-

B - ~Garad P - (gr vsrad¥([lo)

Performing the above operations we obtain general formulas for the far

field of Love and Rayleigh waves. This field may be written as

U= |R||n[k_e "% nawyxco)

either kR or kL
= gither Ne(h) or er(h), where Ne is the Love wave response
of the medium to a horizontal force, and er(h) is the

horizontal response due to a vertical force.
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%(8) = complex radiation pattern function th;t accounts for all
of the effects of source parameters (strike, dip, and
slip) excepth depth; it is the effects of this functioﬁ
that we shall seek to eliminate by combinations of
modes and azimuths.

This complex function is defined as

x(8) = d0 + i(d;sinf + dycosB) + d3sin20 + d,cos20
The coefficients di are given in Ben-Menahem and Harkrider (1964, p. 2609)
A is measured counterclockwise from the positive strike direction, and §
is measured downward froa the negative dip direction. The dimensionless

entities A, B, C, a1l G are given by

A(h) = Nrr(h)/er(h)

2 8er(h) Lfi
B(h) = (N_(h) + i o /N, (™) b
BN__(h)
C(h) = (N, (h) + 1/kp —5——)/N__(h)
aNg (h)
G(h) = ——/k Ny (h)

1IvV. Theoretical Results

For the Gutenberg model we calculated the Love and Rayleigh fundamental
mode response, exclusive of the X (0) (radiation pattern) effects, for 3
source depths. These response curves are shown in Figure 1. One

important feature of this figure is that the fundamental mode Love and
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Rayleigh responses are approximately the same for each depth, indicating
that depth affects both wave-types in approximately the same fashion in the
period range 10-50 seconds; thus if the effegts of the X(0) term can be
eliminated, it should be possible to infer depth from either Love or Ray-
leigh waves or both combined.

A similar plot is given in Figure 2 for the Rayleigh wave response for
an explosive source at the same 3 depths plus a surface value. One sees
basically the same shaped responses and depth dependences as for the double
couple case.

Using the above theoretical development, we sought to exar:ine the
effect of the source parameters on averages of the real (measurable) quanti-
ties R?, L?, R%+ L2, and L/R. For a Gutenberg earth model the quantities
were examined as a function of azimuth from strike for 3 depths (5.5 km,
33.25 km, 56 km), 4 dips and slips (10°, 30°, 60°, 90°), and periods 10
sec. through 50 sec.

Because of the symmetry properties of the amplitude radiation patterns
(Ben-Menahem and Harkrider, 1964, p. 2614), we only need to examine a 180°
sector of the pattern. Furthermore, it was found that one need only use
eight stations (or a minimum number of eight azimuths spanning thc 180°).
This was determined by averaging the quantities of interest over sucessive-
ly larger azimuthal intervals and determining if the average stayed within
10% of the largest and smallest values. This is analogous to the procedure
and used by von Seggern (1969).

Figures 3a to 3d show repres 1itative results for 8-station averages
of total surface wave energy (R%2+L2?) for dips of 10, 30, 60 and 90, degreces,

respectively, and the depths indicated. 1In each case the shaded area

MENRET Sy e Ly — R T —— : g oamds S, I T o I T Y T N Py T e a——




represents the ranges attributed to the variation in slip direction on
the fault plane. Note that in each instance these average curves clu:ter
closely around the corresponding curve in Figure 1 indicating that this
average estimate is effective in eliminating radiation pattern effects.

The one exception is for the case of a 90° dip at a 5.5 km depth where
there may be more than an order of magnitude variation in the average
energy at the longer periods. As we shall see presently this is due to

the Love wave variations for this dip. Thus in general we can expect

R2+ 12 to give a good . 1gnitu. estimate for most source orientations

and depths.

Figures 4a to 4d show for a source dep:!i of 5.5 km the ranges
expected for the average quantities L2, R 8 4R, and R2+L2, respectively,
for all combinations of the dips and slips given. The area of darker
shading, is obtained when the 90° dip is excluded. It is clear fr a
examining these figures that the best average to use for magnitude esti-
mates is the Rayleigh wave around 20 to 30 seconds period. Clearly it is
the Love wave that* varies pathologically with changes in fault orienta-
ticn at 5 km depth.

Figures 5a to 5d show for a source depth of 33 km the ranges expected
for the average quantities L2, RZ, L/R, and R2+L2, respectively, for all
combinations of dips and slips given. Again the area of darker shading
is gotten by eliminrating the 90° dip case. At this depth it is the Rayleigh
wave that is strongly influenced by slip for a vertical fault (90° dip).
However, RZ+L2 gives the best average to use for events at this depth.

Figures €a to 6d show for a source depth of 56 km the range expected
for the average quantities L%, R?, L/R and R2+L2, respectively, for all

combinations of dips and slips given. It is clear that again the RZ4L2




average is least influenced by scurce geometry and should be used for
magnitude estimates.

Conclusions

1. For all except very shallow sources (~5 km) the most reliable
estimates of surface wave magnitude can be gotten from azimuth averages
of total surface wave energy, R2+L7.

2. For shallow sources it is best to use an azimuthal average of
Rayleigh waves alone, RZ, preferably in the perio¢ range 20-30 seconds.

3. Effects of radiation patterns on magnitude can be satisfactorily
minimized by averaging about 8 stations distributed over any 180° sector
of azi.wuth,

4. The data required for the above averages can also be used to
fi by least-squares the best strike dip and slip for an event of interest,
provided propagation effccts can be accounted for either directly or
by use of a reference event.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

FIGURE CAPTIONS

Fundamental Rayleigh and Love response for a double couple

source at 3 depths in a Gutenberg model.

Fundamental mode Rayleigh response for an explosive source at

various depths, aS is the cavity radius and 5; is stress on

the cavity wall.

(a) Average total Rayleigh and Love wave energy for 3 depths

and a dip of 10°;
(b) the same for a 30° dip;
(c) the same for a 60° dip;

(d) the szme for a 90° dip.

Range in averages for 5.5 km depth for all indicated slips and
dips for: (a) L”; (b), R?; (¢), L/R; (d) R*+ L2. Darker area

is obtained by eliminating $0° dip.

Range in averages for 33 km depth for all indicated slips and
dips for: (a) L%; (b), R?; (c), L/R; (d) R*+L2. Darker area

is obtained by eliminating 90° dip.

Range in averages for 56 km depth for all indicated slips and
dips for: (a) L%; (b), R®; (c), L/R; (d) R2+L2. Darker

area is obtained by eliminating 90° dip.
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DIFFERENTIAL SURFACE WAVE ANALYSIS AS A MEANS FOR
THE SEISMIC INVESTIGATION OF INACCESSIBLE AREAS

by

R. Taylor and S. Alexander

ABSTRACT

A method of differential surface wave analysis using common-path,

multiple-station recordings is developed which extends the potential of

conventional surface wave studies to inaccessible arevas. The method is
developed theoretically and verified through a two-dimensional ultrasonic
model experiment. Remote recordings of selected seismic events are used

to determine group or phasc velocity dispersion and amplitude of the trans-
rer function associated with propagation between the events. The groip or
phase velocity determined using this approach is shown theoret!cally and
from the results of model experiments to be independent of the source

time functions, the origir time of the events, the propagation character-
istics of the recording instruments. The amplitude of the tranfer function
is shown in addition to be independent of source geometry for arbitrarily
selected earthquake sources, except for very large events. The importance
of the method is that it provides a means of utilizing the differential
amplitude and phase information of remotely reco:ded surface waves in the
investigation of instrumentally inaccessible geologic

regions while u3suring source effects are eliminated or reduced to an

inconsequential level.




INTRODUCTION

Surface wave dispersion studies have proven highly successful in

delineating the general features of the crust and upper mantle. Although

individual contributions are too numerous to mention, summary articles are
provided by Oliver and Dorman (1963), Kovach (1965), Nuttli (1963),

Anderson (1965), Brune (1969) and Dorman (1969). While proving highly

successful, the available means of analysis (Alexander, 1963; Dziewonski

and Hales, 1972) limit the application of surface wave studies to instru-
mentally bracketed regions and are not suited to the investigation of
inaccessible geologic features. Exceptions to this general rule are pro-
vided by the one-station method (Knopoff and Schwab, 1968), the path-crossing
procedure (Santo, 1960a,b; 196la,b) and the ray-path network technique (Tarr,
1969). The one-station method, however, is limited to the determination of
average group velocity over long propagation paths and is not suited to the
study of totally inaccessible regions of limited extent. The path-crossing
and ray-path network methods are statistical in nature and require extensive
instrumentation outside the region of interest. In addition, neither method
provides a means of statistically determining the significance of the
results.

To achieve the full potential of surface wave studies in the investi-

gation of instrumentally inaccessible regions, additional methods of analy-
sis are necesssary. The theoretical studies of surface wave excitation
(Ben-Menahem znd Harkiider, 1964, 1970; and Haskell, 1963, 1964) provide

a basis for tlie establishment of the method developed in the present

study. The resulting procedure, initially proposed by Alexander and

Taylor {1969), while similar in some general respects to the methods of




phase equalization (Aki, 1960), amplitude cqualization (Toksdz et al, 1964)
and common-path (Marshall and Burton, 1971; Alcxander and Taylor, 1968) is
directed at determining the propagation characte-istics of the path separa-
ting selected events rather than the evcitation characteristics of the ]

events.




Theory

The frequency transformed surface wave displacement field, recorded at

point 1 and resulting from an event % at distance T is given by

j (J((w) ':-‘ +,§(“)+ E(u’))

R..(w) = | L[S lGlw,rpl e
3 ‘ (1)
X P, (w)

where lIi(w)h is the instrumental response of the recording system,

35, (W)
lsz(w)le is the source excitation function appropriate to the partic-

jk(w)ril

ular mode of propagation and component of motion, and G(uw,r c

e )
is the transfer function of the earch characteristic of the ;ith and mode
of propagation. The constant phase terus necessary in equation (1) are
arbitrarily incorporated with the instrument response. Theoretical source
excitation functions for a point double ccuple in a layered medium have
been determined by Harkrider (1964), Ben-Menahem and Harkrider (1964) and
harkrider (1970, -mong others. Utilizing the results of ttese publica-
tions and including the 2ffects of finite fault size and rupture velocity

(Haskell, 1963), the excitation function in functional form with the involv-

ed dependencies indicates is
S (w) = F K (=) N(“’;“” L-‘("“‘)“D(“"lei:2 ;S"I’)” X(%G,A/ S)h)]

x exp {J‘[7/~> ~ V(w5354 + f(w,a,a,s,h)zlz i)

where
F = a constant characterictic of the evert

k(w)

Rayleigh or Love wavenumber

O = angle measured counterclockwise from strike of fault to station
azimuth
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§ = dip of fault plane

A = rake of displacement vector measured counterclockwise from
horizontal

h = source depth
N(w,h) is the medium amplitude response as defined by Ben-Menahem and
Harkrider (1964) and may be related to the medium amplitude response
defined by Harkrider (1964) or the Thomson-Haskell layer matrices defined
by Haskell (1953). For the purposes required here it is sufficient to note

that N(w,h) is dependent on frequency, layer thicknesses, elastic parameters

of the layers and source depth but is independent of source type and geom-

in(w)

etry. IL(w)Ie is the source temporal factor or Fourier transform of
the source time function and has been investigated by Haskell (1964b, 1966),
Aki (1960a), Ben-Menahem and Toksoz (1962, 1963) and Tsai (1969).
|D(w,0,k,6,h)Iej(v(w’e’x’a’h)) is the source directivity resulting from
finite fault size and rupture velocity (Ben-Menahem, 1961; Haskell, 1963;

|e3(e(w’e’x’6’h)) is the source spatial

Harkrider, 1964). |X(w,0,X,8,h)
term (Ben-Menahem and Toksoz, 1962, 1963; Ben-Menahem and Harkrider, 1964).
In addition to the indicated dependencies this latter term is in general
an inseparable function of the medium amplitude response functions and
their derivatives with respect to source depth.

The functional form of the displacement field including the source {

excitation functicn is for the fLth event at the ith station

R = F ke N(w,h)'L.(w)’ | D(w,9,2,, g);,l),
,L-(w)“@(w,rz-l_)l

X nyg {J- [k((,;) ¥, r }?(w>+Ze(U) ‘V(w;&‘,al's;,l,l)f-g(u,q,lal's’, [’1)]}

(3)

o lx(“’/ BL,AI)SJ_; hj)




Considering the geometry of Figure 1 and temporarily suppressing the

dependence on dip, rake and depth define

J'(ﬁ(u) Ru.(w) E“(u)
Z(w)= lZ(w]fe = B B ()

- ID(‘”;BL)’ \ X (w, 9‘)1 )D(w, =3 *‘7”)”1@’, 04*”)[G(w,'7¢]"€(“’/ ru)[
X exp { J [f (18,) ~¥(38,) = Veg 8,#i7) + £ (0,8,+7) + V(1 8)

= £l ) V(,8¢7) = £ (0,8 ¢7) 1+ k)Y, + Fl)E;,

— kiw)r, - ¥ r]}

From the results of Ben-Menahem and Harkrider (1964)

[ X )| = | X lo0em)] ©

from Aki (1964)

£(we) —£(w,6¢m) = 2£(w8)~ T

D)
and from Figure 1
h_‘_:};—!-r‘, (8)
;, = r ot N

i (9)




Utilizing these relations and equating amplitude and phase terms in

equation (5) we find

ol = 1Dl | Gean)®
| Z ()] Yl

Plw) = 4 k)b + aV(8)-B0(38) + 22(08)- 2€/u s )

(10)

(11)
where

l D‘: () l = J AI)[cJ;B.'i I D(v’, s -)[ ¢J‘[U/U/0I' )-Mw, 9‘”)]

(12)

[ D(w,5¢7)|

Thus, the quantity Z(w), calculated from records obtained at points

remote from the source area, yields an amplitude which is independent of
propagation effects outside the source area, the response of the record-
ing instruments, the source temporal factors, the source spatial factors
and the medium amplitude response. The magnitude is completely determined
by the ratio of directivities resulting from finite size and rupture veloc-
ity and the amplitude of the transfer function characteristic of the source
area. Trc phase of Z(w) is independent of propagation effects outside the
source region, instrumental phase corrections and the source temporal
factors. While it is not obvious from the preceding development, the

phase (equation 11) is also independent of origin time errors as the

linear phase terms resulting from these effects cancels when the ratios

in equation (4) are formed.

ID(w,Oi)| is the amplitude directivity defined by Ben-Menahem (196')
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and is identically unity for vertical dip-slip faulting and all forms of
bilateral faulting. The quantity deviates most severely from unity for
strike slip faulting observed parallc. to the fault strike. For this case
Table 1 indicates the period range over which the directivity will contrib-
ute less than 10 percent to variations in * e amplitude spectra of the
event. The fault length-magnitude relation necessary to establish these

Table 1. Criteria for Neglecting the Effects of Finite
Size and Rupture Velocity on Source Amplitude

Spectra
Magnitude Period range over which the amplitudes
b will vary by less than 10 percent
5 T>10 sec
6 T>25 sec
7 T>100 sec

criterion was taken from Tocher (1958) and Schick (1968). If the fault
length-magnitude relation suggested by Brune and Allen (1967) and
Liebermann and Pomeroy (1970) were accepted, it would be necessary to
revise the criteria of Table 1 to somewhat higher periods for a given
magnitude. (See Taylor (1972) for a more detailed discussion of the
construction of this table.) Assuming the directivity is determined
primarily by the component of rupture toward or away from the observer
the criteria of Table 1 may be considered apriicable to arbitrary fault

geometries. Subject to the limitations of this Table

Vo
| Glun) = [JZ()]] i




or the amplitude of the transfer function caaracteristic of the path r, is
determined by the magnitude of Z(w) and the results are independent of the
Instrumental, propagation and source effects as previously noted.

For a laterally homogenecus, spherical earth

. '—X(“J r.‘
IG(w,r‘-l)] = o8 e AL (14)
ySl’n AL'E
where A is a constant, Aiz the angular source receiver distance and
Y(w) the spatial decay factor. Relating y(w) to the more familiar

quantity Q (Brune, 1962; Knopoff, et al. 1964; Knopoff, 1964) and using

equations (5), (13) and (14)

C} . =aATh
= 7_ U(w) In[v.fl—;' g,. .SI.ng ’Z/w)/}
Voin a,, sindy, '

where ! J(w) is the group velocity. This expression gives the value of Q

(15)

appropriate to the source region (ro in Figure 1).

Returning to the phase of Z(w), if the term

A¢ — AU(N,Q)-AV{&J,BZ) # ZE‘(w,G,)-ZE(w,Q,)

can be reduced to an acceptably small level, then the phase velocity

characteristic of the path T, is

o Bl (17)
Cée) Plw) 2 20T

Conventional methods for the measurement of phase velocity are expected

to yield results with an accuracy of 1% and this is considered sufficient




for the determination of useful structural information (Press, Ben-Menahem
and Toksoz, 1961). Therefore, the phase velocity characteristic of the
source area may be reliably calculated from tte phase of Z(w) if Ad is
less than 1% cf ¢. Assuming the phase terms resulting from finite size
and rupture velocity, Av(w,Oi), are determined primarily by the component
of rupture towards or away from an observer, the maximum effect is expect-
ed from a strike slip fault observed parallel to the fault strike. Using
tne fault length studies of Tocher (1958) and Schick (1968) and the
expression of Ben-Menahem (1961) for strike-slip faulting, the criteria

of Table 2 were established. These criteria indicate the degree of fault
alignment required to ensure the difference in phase directivity for
Rayleigh waves is less than 0.5 percent of the total phasc for a source
separation of 200 km. As ia the case of amplitudes, use of the fault

Table 2. Criteria for Neglecting the Differences in Phase
Resulting from Finite Fault Size and Rupture

Velocity.
bmg;itude Required Conditions
b

Strikes aligned within 30° at O = 90°

5 strikes aligned within 60° at O = 0°
fault lengths differing by less than 50%
Strikes aligned within 5° at O = 90°

6 strikes aligned within 35° at 0 = 0°
fault lengths differing by less than 10%
No reasonable conditions for O = 90°

7 strikes aligned within 10° at O = 0°
fault lengths differing by less than




length studies of Brune and Allen (1967) and Liebermann and Pomeroy (1970)
would require a revision irn the criteria of this Table or an increase in
the considered source separation. (See Teylor (1972) for a more detailed
discussing of these criteria.) 1In any case, the criteria are sufficiently
relaxed for moderat . magnitude events to ensure the existence in most
seismic areas of .mmerous event pairs for which the effect of finite size
and rupture velocity may be neglected.

If the influence of finite size and rupture velocity on the phase
spectra is considered negligible, then a sufficient condition to ensure

the validity of equation (17) is

f(u))éx_) = z(wjel) 3 0.0l /ﬁ(w)r‘; (18)

Confining attention to double couple source types, this condition is
automatically satisfied for vertical strike-slip faulting, vertical fault-

ing with equal components of strike and dlp and any surface source since

in these cases the individual terms are zero. For arbitrery fault geometries
the required inequality implies a degree of similarity in the selected
events. The numerical evaluation (Turnbull, 1970) of the expression for
initial phase (Ben-Menahem and Harkrider, 1964) for a number of fault
geometries in an oceanic-type structure indicates that at points removed

from an amplitude null, alignment of about 25° in the fault strikes, 15°

in the fault dips and 15° in the rake of the slip vector is sufficient to
ensure the validity of the above inequality for a source separation of
200 km. Howcver, the number of parameters involved, w, 0, X, & and h
makes it extremely difficult to establish unequivocal conditions of fault

similarity and the above conditions are intended only as a guide. However, using
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these requirements as a guide, the source mechanisms studies of Syed and
Nuttli (1971), Wu (1970), Sylvester, et al. (1970), Fitch (1970) and Sykes
(1967, 1970a,b) indicate that selected event subsets within a seismic area
commonly can be found that satisfy the inequality of equation (18) for
source separations on the order of 200 km.

Because it is not reasonable to establish rigic¢ similarity require-
ments or to demonstrate the desired conditions could be satisfied in
arbitrary regions an alternate érocedure was developed that uses both
the consistency of results from a number of independent measurements
within a seismic area and an expression that requires no further informa-
tion than the R12 determination used above. Thus, if consistent results
are obtained from a number of events at differing source separations within
a given region, it is reasonable to assume that the fault geometries are
sufficiently similar to make the difference in the spatial phase terms
negligible. Since any area satisfying the geometry requirements of Figurc
1 will usually be characterized by a number of events, the use of numerous
sources poses no problems. The ability of the method proposed here to
provide independent velocity measurements is a feature not available from
the statistical methods of Santo (1960a,b; 1961a,b) or Tarr (1969).

In addition to the consistency of results, an indication of fault

similarity for any two events can be inferred f-om the calculated quantity
4

'/L_ ]R.,(,»)[[R“/w)] - EIL ) X (o ,02,80)] N (w0,h,) i
TIRR ]| LTS RN G )

| V)]

From the mathematical form of the functions L, X and N, and physical
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considerations, if [lV(w)]]l/2 is independent of frequency, it is expected

that

Lol = Lo

{ X(U’,é’.,’]u 5')A')l * , I(“’/ 6,41, 34, At)’ (21)

N(U, h.) = IV(“;I’U\) (22)

The equivalence of the temporal factors is expected for small events (Tsai,
1969) and the terms could have been neglected in equation 19. The equiva-
lence of the medium amplitude response implies the events were at similar
depths in geologic setting with similar vertical structure profiles. The
independence of [;V(w)lll/2 as a function of frequency is particularly

significant in terms of the medium responses, N(w,h;) and N(w,hz), as

these functions are highly dependent on frequency uad source depth for
shallow events (Tsai and Aki, 1970). In view of the linear independence t
of the frequency dependent terms comprising the source spatial factors,

the amplitude equivalence of these terms is a necessary condition for equiva-

lence of the fault geometries. From general considerations it may be

assumed the equivclence is also a sufficient condition. This is particu-

larly true, if for all combinations of events within a seismic area, taken

V)
two at a time, the quanticy [|V(w)|]1/“

1/2

is independent of frequency.

Hence  if [|V(w)]] is found to be independent of frequency for selected

event subsets within a seismic area and the phase velocities calculated
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from these events are self-consistent, it is reasonable to infer that the
fault geometries are sufficiently similar to ensure the difference in
spatial phase terms is negligible. Under these conditions the phase veloc-
ities, calculated from obse¢rvations remote to the source area, will provide
a reliable measure of surface wave dispersion within the source area.

/2

Lateral heterogeneity in structure can also cause [V(w)]1 to be
frequency dependent even though the fault geometries may be identical
l because the medium response N(w,h) will be different. Thus, invariance of
! [V(uo)]l/2 with frequency is a strong constraint assuring similarity of
spatial phase terms. If the fault geometry and depth are known to be

1/2 is a2 direct measure of the

identical from independent data, then [V(w)]
f relative medirm response (structure) at the two source locations; an experi-

mental example verifying this assertion will be presented in a later

section.

Group velocities appropriate to the source area may be calculated from

the phase velocity or from the quant:ity gaiw). From calculations for dif-

ferent fault geometries it appears that the fault similarity criteria requir-
ed for the reliable determination of group velocity from Q%iﬁl are less
stringent than the fault similarity criteria required for the reliable
determination of phase velocity from ¢(w).

The advantages of this approach are that: (1) only fixed remote sta-
tions are required to investigate the structure of inaccessible source areas;
(2) origin time errors are eliminated; (3) no corrections for path effects

to distant receivers are needed; iand (4) a test is provided to assure that

source phase terms do not affect the calculated dispersion curves.
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ULTRASONIC MODEL STUDY

In the preceding development it was implicitly assumed that the geologic
structures in the selected source regions were characterized by plane paral-
lel layering. Actual structure in tectonic areas may change rapidly over
short distances and cannot In general be characterized by plane parallel
layering. Since theoretical treatments of initial surface wave phase and
amplitude spectra in laterally inhomogenecous regions do not exist, a two-
dimensional ultrasonic model study was employed to determine the effect of
source area inhomogeneities on the results of the proposed method.

Conventional two-dimensional modeling techniques were employed (Oliver,
et al., 1954; Abe and Suzuki, 1970). The models employed (Figure 2) were
fabricated from polystyrene and plexiglas. The layer over a half space
was used for calibration purposes in keeping with the suggestion of
Faizullin (1966) that all model studies should incorporate the results from
standard models for which established theoretical resuits are available.

The Rayleigh wave phase and group velocities determined for the simply
layered half space in the conventional two-station manner are compared with
theoretically expected results in Figure 3. The amplitude decay associated
with propagation between the recording sites is shown in Figure 4a. These
figures provide the results from standard models as proposed by Faizullin
(1966) and demonstrate that consistent transducer coupling and rigid material
bounding was achieved an important consideratiorn as pointed out by Toksoz
and Schwab and Burridge (1968).

Substituting sources (transmitters) at the receiver sites, the previous-
ly defined quantity [|V(m)|]l/2 was calculated from the waveforms recorded

at points remote from the source area. The calculated values of [|V(uu)|]l/2




are shown in Figure 4b and they are seen to be clearly frequency independent.
The independence is expected since the source temporal factors, spatial
factors and source layering are identical. The phasc and group velocity and
amplitude decay, calculated from the previously defined quantity Z(w), are
shown in Figures 3 and 4a where the equivalence of the conventional two-
station method and common path procedure is evident.

Source area geometries investigated for which theoretical results are

not a. :tiiable consist of models of topographic relief and a lateral discon-

tinuity. The source and receiver positions and the recorded waveforms are

1/2

shown in Figures 5 and 6 for each model. The quantity [|V(w)|]

calculated from these waveforms and shown ir Figure 7 for each case is

strongly frequency dependent. While the medium amplitude responses for
these geometries cre not known, they may be empirically determined from
the P-wave excitation below each source. The ratio of the medium responses
determined in this manner is also plotted in Figure 7. The similarity of
the functions defined by the data of Figire 7 indicates the common path
procedure has reliably determined the ratio of medium amplitude responses
associated with each source.

When applied to natural events the frequency dependence of the data
of Figure 7 would cause the calculation of phase velocity for that partic-
ular event pair to be suspect. Under the known conditions of the model
study, however, it is possible to determine to what extent the directicnal-
ly dependent medium responses has affected the calculated phase velocities.
The phase velocity for the model of topographic relief, calculated by the
differential analy:is of the waveforns of Figure 5, is compared with the

conventional two station determination for propagation across the
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transition region in Figure 8a. The theoretical dispersion curves appro-
priate to the two constant sections of the model are also indicated for
reference. While the difference in up-dip and down-div velocity noted

by Alexander (1963) and Abe and Suzuki (1970) : s evident in Tigurc Cuo,

the phase velocities determined from differentinl analysis defines an
average dispersion curve,within the accuracy of the system, appropriate

to the transition region. The piiase velocity for the laterally discontinu-
ous model (Figure 2a), determined t; differential analysis from the wave-
forms of Figure 6, is compared with the conventional two station determina-
tion for propagation across the discontinuous region in Figure 8b. 1t is
again evident that the dispersion curve defined by differential dispersion
is identical, within the accuracy of the system, to the curve defined by

the conventional two station measurements. Thus, the model results

suggest that lateral inhomogeneities within the source area will not signif-
icantly affect the phase velocities calculated and the quantity {TV(m)I]llz
is a reliable measure of changes in the geologic structure associated with
each event.

The amplitude decay determined by differential analysis, for propaga-
tion across the inhomogeneous region of Figures 5 and 6 is plotted in
Figures 9a and b. The amplitude decay determined in the conventional two
station manner by interchanging the transmitter and sources of Figures 5
and 6 and averaging the measured dccay for each direction of propagation,
is plotted in the same Figure. The cheoretical amplitude decay expected
to result from the material Q is alco shown for reference. While for
each model the two station and differentially determined decays are
identical, within the accuracy of the system, they are both significantly

in excess of the decay erreocted to result from material Q. This is a

result of reflection, conversion and vertical redistribution of energy
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within the transition region and suggests the use of differentially deter-
mined decay as an indication and possible measure of inhomogeneity within
*he source region. A comparison of Figures 8 and 9 also suggests that
while appreciable amplitude distortion may result from propagation
through the inhomogeneous region, the rhase is essentially determined by
the dispersion characteristics of an average section.
In general the model results demonstrate the utility of the quantity
[I\l(t.o)l]ll2 as a means of determining similar geologic structure in the
immediate vicinity of the selected sources and the validity of the phase
velocity calculated from the differential analysis. The results also
demonstrate that the amplitude decay resulting from propagation in the
source region may be reliably determined by the procedure. However, tne
) resulting decay is strongly dependent upon the geometry of the transversed
! region and may be related to material Q only if the region is known to be

laterally homogeneous.




CONCLUSIONS

Present method: for utilizing surface wave observations in the investi-
gation of inaccessitle areas rely upon the statistical treatment of large
data sets and are limited to the determination of group velocity (Tarr, 1969;
Santo, 1960a,b; 196la,b). The differential analysis procedure proposed here
is an alternative to these methods and relies directly upon the mechanics of
surface wave generation and propagation to determine amplitudes and phase
effects associated with the propagation path. Thus, the method provides a
means for the investigation of tectonic regions through surface wave observa-
tions without requiring instrumentation in the regifon. It 1s equally
applicable to all modes of Rayleigh and Love wave propagation.

Amplitude effects are in general related to attenuation or magnification
along the propagation path, source parameters and instrumental factors. The
amplitude determined in the proposed manner is independent of all source nara-
meters (except for large magnitude events), propagation effects outside the
source region and all instrumental factors. Therefore the results are com-
pletely determined by the attenuation and geometrical factors characteristic
of the source area; for a laterally homogeneous region the observed amplitude
ratios can be directly related to the material Q.

The phase or group velocities determined using differential analysis
are independent of origin time errors, source time functions, propagation
effects outside the source region and instrument:l factors. While the veloc-
ities are dependent to some extent on source geometries, the dependence may
be reduced to a negligible level through careful selection of the events.

In addition, an independent indication of the dczree of similarity among

events can be obtained from the same data necessary for application of the




method. Finally, because most seismic areas are characterized by a distribu-
tion of many events, independent pair-wise determinations of velocities or
amplitude effects may be statistically tested for significance or combined
for increased precision.

The results of the ultrasonic model study indicate the general validity
of the method. In particular, the results from the models containing lateral
changes within the source region demonstrate the relation of measured phase
velocity to average structural properties. However, the measured amplitude
decay while equivalent to that determined in the conventional manner, is
unrelated to the decay expected to result from material attenuation. This
suggests that the observed amplitude decay can be used as a measure of source
arca inhomogeneity. Applications of this nature require greater theoretical
knowledge of amplitudes expected in laterally changing regions than is

presently available. However, very soon the use of dynamic finite element

codes should provide suitable numerical solutions for complicated structure
and allow better interpretation of observed amplitudes.
The method presented here has also been zpplied successfully to an

area on the mid-Atlantic Ridge. The results of that study are presented

in the companion paper that follows (Taylor and Alexander, 1973).
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Figure

CAPTIONS

Plan view and vertical cross-section of assumed source-receiver
geometry.

The models employed in this study.

Phase velocity, C, and group velocity, U, determined by the
conventional two-station method and by differential dispersion
analysis compared to the theoretically expected results, for a
layer over a half--space model.

Amplitude decay, lV(w)lllz, for a layer over a half-space
model.

Predicted source amplitude ratios, solid lines are theoret-
cally expected results.

Recorded waveforms obtained at distance X for the model of
topographic relief using the indicated source-receiver geometry.

Recorded waveforms obtained at distance X for the model contain-
ing a lateral discontinuity using the indicated source-receiver
geometry; origin times are arbitrary.

Source amplitude ratios for a. model of topographic relief,
b. model containing a lateral discontinuity} origin times
are arbitrary.

Phase velocity determined by differential dispersion, compared
with the velocity determined in the conventional two-station
method for a. model of topographic relief} solid lines indi-
cate theoretical velocities for each section, b. model con-
taining a lateral discontinuity; solid line indicates theo-
retical velocity for an average sectiou.

Amplitude decay, lV(m)ll/z, determined by differential disper-
sion analysis and the conventional two-station method for a.
model of topographic relief, b. model containing a lateral
discontinuity} solid lines indicate decay expected to result
from material Q for average section.
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Figure 2. The models employed in this study.
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RAYLEIGH WAVE DISPERSION AND AMPLITUDE MEASUREMENTS
FOR A SECTICON OF THE MID-ATLANTIC RIDGE

BY
R. W, Taylor and S. S. Alexander
ABSTRACT

Multiple Rayleigh wave phase and amplitude spectra were used
to determine phase velocity dispersion and amplitude effects
associated with propagation along a section of the mid-
Atlantic ridge. Source factors and external path effects
were eliminated by a common path method of differential
analysis described in Part I} From 21 independent measure-
ments, phase velocities were determined for a period range
from 10 sec. to 60 sec. with a variance in calculated .:2loc-
ities at any particular period on the order of 0.0l kmz/secz.
First order inversion of the phase velocity data suggest a
base for the low P-velocity material (known from refraction
studies to immediately underlay the ridage crest) in the
vicinity of 50 km. A phase velocity minimum at a period of
32 seconds, somcvhat more pronounced than the minimum
associated with standard oceanic phase velocities, is sugges-
tive of increasei partial melting below the ridge crest. The
amplitude data ‘ndicate strong inhomoqeneity within the

ridge crest recion and cannot be interpreted in terms of
material attenuation.

*Taylor, R. W. and S. S. Alexander; Differential Surface Wave

Analysis as a Means for the Seismic Investigation of Inaccessible

Arcas
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INTRODUCTION

The mid-ocean ridges are a major feature of oceanic

regions and are of considerable importance in theories of

sea floor spreading and global tectonics. The upper fea-
tures associated with sections of these ridge systems
have been investigated through conventional seismic re-
fraction methods by Ewing and Ewing (1959), Keen and
Tramontini (1970), Le Pichor, et.al. (1965) and Talwani,
et.al. (1971) among others. A summary of the features
assnciated with the ocean ridges as inferred from various

geophysical studies is provided by Vogt, et.al. (1969).

Sur face wave studies with this potential for infor-
mation from greater depths than available from other

seismic methods are limited in number. More over, the

dispersion data which are available for the ridges are
either contaminated by propagation outside the ridge area

(Ossing, 1968) or do not contain the period range of i

primary interest (Tarr, 1968; Tryggvason, 1962). The
method developcd in Part I provides a possible means for

extending the available surface wave data appropriate to

propagation along the ridge crest.
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THE AREA INVESTIGATED

The section of the mid-Atlantic ridge selected for
investigation and the WWSSN stations employed are shown
in Figure 1. An enlarged view of the event epicenter and
ridge flanks is given in Figure 2 with the position of
the flanks taken from liceyen and Thorp (1965). The hypo-
centers, magnitudes and origin times for each event are
given in Table 1. Event No. 5 appearing in Figure 2 and
Table 1 was not employed in this study as the necessary
records for this event were not available. 2 fault-plane

solution for one event within this area, which due to a

lack of the necessary records was not included in this

study, indicated equal components of slip along a steeply

dipping fault surface (Sykes, 1967, 1970). On the basis
of this solution, the location of the epicenters near the
ridge crest, and lack of known transform faults within
the region, the selected evente weie assumed to represent
ridge crest faulting.

The receiving stations, events and great circle prop-
agation paths closely approximate the conditions required:
collinearity to within 10° and in general less

than 5°. Phase velocities were calculated from

2wr,
C(w) =

®(w) + 2Nm




TABLE 1. Origin Time, Hypocenter and Body Wave Magnitude for
Each Event.

ORIGIN ORIGIN

EVENT DATE TIME (GMT) LOCATION DEPTH MAGNITUDE
NO. DAY MONTH YEAR HOUR MIN SEC LAT (N) LONG (W) (KM)

L)
1 14 3 70 07 33 42,2  28.3 43.8 - .
2 18 7 69 00 00 47.4 29.7 42.9 -——== 5.0
3 27 1 68 00 48 35.6 29.9 42.8 34 5.0
4 2 1 69 00 36 11.7  30.5 41.9 _——— 4.7

5 2 12 64 o¢ 20 45.6 30.6 42.0 33 osd

69 01 05 07.0 30.8 42.0 33 4.9

68 11 13 07.4 30.8 41.9 33 4.9

66 22 14  37.3 32.9 39.8 18 5.2




subject to the constraint

[viw) |11/2
where all quantities are defined in Part I and ro is
corrected to account for the deviation of the events from
a collinear condition. The amplitude of the transfer

function associated with the path r, was determined from

[z |12/2

RESULTS

The available records from the six stations and seven
events yielded 21 independent station-pair, event-pair
combinations. The event separations varied from 180 km
to 640 km with the majority of separations centered
around 300 km,

Typical examples of the auantity [|V(w)|]1/2 are shown
in Figures 3 and 4 for various station-pair, event-pair
combinations. A careful examination of these Figures
indicates no systematic chanaes for the same station-nair
as various event-pairs are employed, nor are any systematic
changes evident for the same event-pair as viewed from
various station-pairs. The Figures irdicate the ocuantity
[IV(w)I]l/2 is essentially independent of freauency and,
the faulting geometries of the various events are similar
in nature. In addition the independence of the guantity

[|V(w)|]l/2 and of the frecuency indicates the vertical
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structure does not change significaitly along the length
i of the ridge under investigation.

The phase velocity dispersion calculated from 21
analyses showed little, if any, dependence upon the station-
pair, event-pair combination. Without attempting to dis-

tinguish between the individual event-pair, station-pair

combinations, the results are shown in Fiqure 5. Calculat-

ing the mean and standard deviation of the data from the
21 analyses at a pericd interval of 2.5 seconds yielded
the average dispersion curve of Fiqure 6. It is evident
from Figure 6 that the staniard deviatior associated with
each data set varies from about 0.1 km/sec at 35 seconds
to abovt 0.05 km/sec in the neighborhood of 50 seconds.
For a laterally homogeneous earth, the amplituda of

transfer function associated with propacation is determined

by the attenuation coefficients of the earth and the
distance of propagation. In this ideal case the transfer
function is everywhere less than 1 and may be related to

a single quantity Q (Brune, 1962; Knoroff, 1964; Knopoff,

et.al., 1964). In the actual practice the effect of

attenuation is often obscured by differential scattering
resulting from propagation along slightlv different paths
or interference effects within the wave trains. The net

effect may yield an amplitude function iii excess of 1.
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While the common path method emnloyed in this investi-
gation effectively doubles tiho propagation distance it is
still not expected that source separations of approximately
300 km would produce significant amplitude decay. The only

event-pair for which measurable decay might be expected

involved events 1 and 8 of Figure 2 with a separation of
638 km. Although it was not expected that reliable deter- !
minations of Q could be achieved, the amplitude of the
transfer function, |Z(w)|1/2 of Part I equation 13, yielded
interesting results. The quantity [|Z(w)|]1/2 is shown
in Figures 7 and 8 for various event-pair separations (r,).
It is immediately evident from these Figures that the
measured amplitude function is greater than 1 for the major-
ity of the period range considered. While the measured
results are not physically possible for a homogeneous space,
the data are consistent and appear independent of station-
pair or event-pair effects. TFor example, the nearly iden-
tical curves for a source separation of 300 km, shown in
Figure 7, represent differing event-pairs and propagation
over different sections of the selected area. For any
given separation (with the exception of r, = 638 km) the
data represent several event-pairs as viewed by several
station-pairs.
While the results do not appear to depend on the par-

ticular events or stations, there does 3ppear to be a

dependence upon the source separation r,. Thus, with a




separation of 20 km, a distance sufficiently small to pre-
clude any propagation effects, the data are trequency
independent and nearly equal to l. For separations of
200 km and greater, the data deviates from 1 and is
characterized by pronounced peaks. The curves for source
separations of 20 km and 100 km were included for the
purpose of indicating the dependence on source separation
and were not included in the velocity calculations. That
the data represents amplitude effects resulting from
propagation along the ridge crest is supported by Figures
3 and 4. These Fiqures, which theoretically do not con-
tain propagation effects but do contain source effects,
indicate little if any frequency dependence. While no

unequivocal explanation of the amplitude results of Figure

7 and 8 is possible, it is reasonable to assume the re-
sults are reflecting the effects of inhomogeneity within
the propagation region. If this is accepted as true, the
data for Figures 7 and 8 corntain information concerning

the nature and extent of the inhtomogeneity.

COMPARISON WITH OTHER STUDIES

The phase velocities obtained here are compared with

the standard oceanic phase velocities of Brune (1969) and
Oliver (1962} in Figure 9. In the same Figure are shown
the oceanic phase velocities expected if the average ocean

water depth were 3 km. For the pericd range from 40 sec to




60 sec the velocities obtained here are essentially equiv-
alent to average oceanic velocities. For periodé from 10
sec to 40 sec the velocities obtained here are lower than
standard ocean velocitie: with the exception of periods
around 25 sec where the two velocities are equal. The
difference suggests S velocities for an approximate 200 km
section below the ridge crest which are somewhat lower
than S velocities for standard oceanic sections of the same
depth.

Group velocities appropriate to the ridge crest have
been indirectly determined by Santo (1966), Tarr (1969), and
Ossing (1964) while Tryggvason (1962) directly determined
Rayleigh wave dispersion from measurements in Iceland.

The results of these studies are comparcd with the results
obtained here in Figure 10. (The data of Tryggvason (1962)
has been adjusted to account for the differences in water
depth near Iceland and that over the area investigated
here). It is evident from this Figqure that the data ob-
tained here and that from Iceland are in complete accord.
This indicates the upper structure of Iceland is identical
to the upper structure of that part of the ridge investi-
gated here. Since the area considered here is a typical
ridge section, these results suggest that the structure of
Iceland is iden*ical to other parts of the mid-Atlantic

ridge.




While the results presented here are in excellent
accord with the results of Tryggvason there is a signif-
cant disparity, 0.5 km/sec, with the results of Sato (1966),
Ossing (1964) and Tarr (1969). This difference may arise
from the investigation of different areas or the fact

that the above authors employed an indirect method. It

is also possible that the variances associated with any
method of determining group velocity are sufficiently

high to render the difference meaningless.

IMPLIED GEQLOGIC STRUCTURE

A first order indication of imnlied geologic struc-
ture was obtained by calculating theoretical phase veloc-
ities for ridge models proposed by Ewing and Ewing (1959)
and Keen and Tramontini (1970). The model Ewing and
Ewing yielded results more nearly equivalent to the data
obtained here and this model was conseguently selected for
additional consideration. The original model was the
perturbed to yield a theoretical dispersion curve in reason-
able agreement with the measured data. The resulting model
is shown in Figure 1] and the theoretical and measured
dispersion data is shown in Figure 12. While the theoret-
ical velocities for the perturbed model of kwing and Ewing

approximate the measured values there are significant dif-

ferences. The most significant of these differences occurred

in the period range from 15 sec to 40 sec. The actual data




indicate a decrease in S velocity somewhere in the
vicinity of 50 km in depth. The procedure employed to
generate the theoretical velocities was insensitive to

S velocity decreases with depth. This is the major
rezson for the differnces in the theoretical and measured
values and as a result of this the implied structure of
Figure 10 should be considered as simply a first order
approximation to the actual ridge structure. The actual
structure must involve a decrease in S velocity at some
depth. To improve the structure of Fiqure 10, methods
for calculating theoretical phase velocities in the
presence of a decrease in S velocity (Stonely, 1950;
Harkrider, et.al., 1963; Thrower and Harkrider, 1965) are

presently under investigation.

ACCURACY

The precision of the measured phase velocities is
excellent as is evident from Fiqure 5. The accuracy of
the velocities is primarily determined by the accuracy
with which the event separations are known and the extent
to which the effects of initial source phase have been
eliminated. Location errors on the order of 20 km are
possible and for the distances involved this would amount
to a 5% error in measured velocity. It should be noted,
however, that any reasonable systematic location error for

events in the selected area will not affect the results.




Only the random errors involved in location are of concern.
On the basis of the variance associated with the data of
Figure 5 it appears unlikely that the random location
errors, in general, exceed 5 km. That the events within
the selected region are well located is supported by the
work of Evernden (1971) and Weidner and Aki (1973). 1It,
therefore, appears that the random location errors are
contributing no more than a + 0.02 km/sec error to the mean
of the 2]l measurements.

The extent to which the effects of source initial
phase have been eliminated is more difficult to determine.
It is highly unlikely, however, that the initial phases
are bizsing the results of differing event-pairs and
differing station-pairs in a systematic manner. The ini-
tial phase is, therefore, expected to bhias the mean of the
21 measurements by no more than + 0.04 km/sec. On the
basis of these arguments the velocity means of Figure 6

are considered reliable to within 4 0.05 km/sec.

CONCLUSIONS

When applicd to the mid-Atlantic ridge the common path
method of Part i vielded a consistent phase velocity dis-
persion curve. elocities at periods as low as 10 sec
appeared reasoncble in value and in their relationship to

velocities at higher periods despite the very low enerqy

levels available in this period range. While a totailyv
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satisfactory inversion of the dispersion curve was not
obtained, the results are in general accord with the
ridge model proposed by Ewing and Ewing (1959). 1In addi-
tion to general accord with this model, the results
indicate a region from approximately 50 km to 200 km with
a lower S velocity than that characterizing standard
oceanic sections at equivalent depths.

The amplitude measurements yielded results which
were not interpretable in terms of a plane layered earth.
The results, however, were consistent for various event-
pairs and station-pairs and displayed a dependence on
source separation. Tt is felt that the results of the
amplitude measurements are related to the lateral inhomo-
geneity known to exist within the near surface structure.
Thus, the amplitude measurements may provide a means for
the investigation of lateral inhomegeneity at the 20 km
and 200 km depths the waves are sampling. Utilization of
this information, however, will require additional theo-

retical consideration.
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CAPT IONS

The area of the mid-Atlantic ridge selected
for investigation.

Events selected for use in the investigation;
arrows indicate initial great circle paths
to indicated stations.

The amplitude ratio for typical event-pair,
station-pair combinations. From top to
bottom the event-pair at ecach level is 1-3,
1-6, 1-8 and 6-8.

The amplitude ratio for typical event-pair,
station-pair combinations. From top to
bottom the event-pair at each level is 1-2,
4-8, 1-7, 1-4,

Measured phase velocity.

Mean and standard deviation of measured phase
velocities.

The amplitude of the prormagation function for
event separations of length rye

The amplitude of the propacgation function for
event separations of length I,

Phase velocities measured by the common path
method for the mid-Atlantic ridae compared
with the oceanic phase velocities of other
studies.

Group velocities as measured by the common

vath method for the mid-Atlantic ridge com-
pared to group velocities as determined by

other studies,

Approximate plane-layered model of the mid-
Atlantic ridge. (Due in part to Ewing and
Ewing (1959))

Comparison of theoretical phase velocities
for various models with measured data.
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Figure 1. The area of the mid-Atlantic ridge sclected
for investigation.
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The amplitude ratio for typical event-pair, station-
pair combinations. From top to bottom the event-
pair at cach level is 1-3, 1-6, 1-8 and 6-8.
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Figure 11. Approximate plane-layered model of the mid-
Atlantic ridge. (Due in part to Ewing and
Ewing (1959))
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Figure 12. Comrarison of theore:-ical phase velocities for
various models with measured data.




