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The characteristics of Lg-wave propagation in the eastern United States
are compared with those in different regions of the Soviet Union.

Possi 'le

discriminants such as "i.) Lg vs. P amplitudes, (ifn Lg/P ampli tude ratios
as a function of distance, and (Jii-f Lg energy ratios are found, similar to
attenuation and group velocity, to be highly dependent on the pronagation
path.

The valid application of these quantities to the problem of earth-

quake-explosion discrimination will

therefore require regional studies

more detailed than previously assumed.
A re-evaluation of the magni tude-yield relation and an exa;i'rition o
physical parameters which may be relevant to the estimated yield o
ground nuclear explosions were performed.
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The Preliminary results indicate

that (() themb"vs. yield relation shows regional differences and aependence
on the source medium, and (ijfl

the collapse volume and the diameter of the

collapsed crater are usually proportional to the estimated yield.
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INTRODUCTION
The content of this report is divided into three topics: (i)a review
of the available studies on the seismic phase Lg, (ii)a comparison of regional
wave propagation in the US and the USSR, and (iii) a preliminary re-evaluation
of the magnitude-yield relation and an examination of the physical parameters
which may be relevant to the estimated yield of underground nuclear explosions.
Beginning with the current contract period, we will be reporting a series
of reviews on (i) the seismic phases (Lg, Rg, Pg, Pn, Sn) that are potentially
useful to the discrimination of explosions from earthquakes at regional distances,
and (ii)the spectral characteristics of underground nuclear explosions. A lack
of critical reviews on these crucial subjects has motivated us to undertake this
ambitious project. We hope to achieve three goals through the reviews: (i) to
compile and categorize the available observations into accessible format, (ii)
to summarize the theoretical development in an overview fashion, and (Mi) to
emphasize the features that are related to the problems of earthquake-explosion
discrimination. In this report, we will present a review on the seismic phase
Lg. The review is subdivided into 7 topics: (A) particle motion and dispersion,
(B) regional velocity, (C)spectral content, (D)wave guide and mode of propagation, (E) attenuation and propagation efficiency, (F)magnitude-scale bas ed on
Lg, and (G)others (Sn-to-Lg conversion, application to the earthquake-explosion
discrimination problem, and search for oceanic Lg).
A comparative study of regional wave propagation in the eastern United
States and different regions of the Soviet Union is presented in the second part
of this Semi-Annual Technical Report. Five topics were selected to assess the
feasibility of directly comparing the characteristics of regional seismic waves
in the US and the USSR, and to evaluate their relative importance to the problem
of earthquake-explosion discrimination. The topics are: (i) Lg vs. P amplitudes,
(Hi) Lg/P amplitude ratios as a function of distance, (iii) Lg group velocity,
(iv)Lg energy ratios, and (v) Lg attenuation.
In studying regional seismic wave propagation, we often encounter the
problem of how to calibrate a magnitude-yield relation at regional distances.
This problem, although quite fundamental in nature, is by no means an easy one
because a well-determined magnitude-yield relation requires a clear knowledge of
(i) the source size, (ii) the amplitudes of seismnic waves at different distances,
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(iii) the effects of crustal structure at the source and the receiver, and
(iv) the effects of the propagation path.

The last part of this report re-

examines this relation; it also describes the preliminary results from analyses
of several physical parameters that are related to the yield of underground
nuclear explosions.

I. Review of Lg
The purpose of this review is threefold: (i) to provide a summary of
the available observations on Lg, (ii)to present the theoretical developments
in an overview fashion, and (iii) to clarify or comment on what appears to us
to be confusing concerning the interpretation of Lg.
The name Lg was assigned by Press and Ewing (1952) in their pioneering
study on this seismic phase. "L" because the particle motion was predominantly
of Love or transverse type, and "g" because the wave was believed to propagate
in the granitic layer of the crust, and was therefore considered a surface-wave
counterpart of the near-earthquake body waves Pg and Sg. These authors summarized the properties of Lg (for propagation paths in North America) succinctly
in the abstract of their 1952 paper:
"Surface shear waves (Lg) with initial period 1/2 to 6 seconds with sharp
commencements and amplitudes larger than any conventional phase have been recorded
for continental paths at distances up to 6000 kn. These waves have a group velocity of 3.51 ± 0.07 km/sec. and for distances greater than 200 they have reverse
dispersion. For distances less than about 100 the periods shorten and Lg merges
into the recognized near-earthquake phase Sg."
This and later investigations of Lg also point out that (i) the wave is not observed after approximately 100 km of propagation in the oceanic crust, (ii)the
particle motion may contain a substantial amount of longitudinal and vertical
components, and (iii) the observations may be explained by a collection of Airy
phases of hiqher mode Love and Rayleiqh waves.
The terms of Sg and Lg were used to refer to different waves in some earlier
studies. Although both terms referred to high-frequency shear waves in the continental crust, the distinctions were based on differences in the observed frequency content, the distances of observation, and the interpretation in their
mode of propagation. Sq, which is analogous to its compressional-wave counterpart
Pg, referred to the direct shear arrival at short epicenter distances; while
Lg referred to the superposition of normal modes, with frequencies slightly lower
than those of Sg, at epicentral distances greater than about 100 (Press and
CThere has been considerable confusion concerning the definitions
Ewing, 1952).
of Pg and Sg. These terms replaced the P and S of Mohorovi~i6 (1911) for
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typographical convenience (pg. 86 of Jeffreys, 1976) and the supposed association
with the granitic layer of the crust. While the definition of P referred to the
direct compressional arrival at short distances with a velocity of about 5.5 kin/
sec (cf. Fig. 18-1 of Richter, 1958), the original data was obtained at distances
over 150 km. Explosion data from California indicated that direct compressional
arrivals at 120 km within the epicenter had a velocity near 6.34 km/sec. -he
Californian researchers consequently suggested the notation 'p'for the direct
wave at short distances and "T" for the compressional wave with a velocity
around 5.5 km/sec (p. 286-287 of Richter, 1958). The consensus at the present
seems to be the use of the nomenclature P for direct compressional waves and the
terms "Pn" and "Pg" for occasions when two distinct arrivals with velocities
around 8.0-8.4 km/sec and 5.4-5.7 km/sec are observed. ) In view of the consensus on the terminology of P-, Pg-, and Pn- waves and the arbitrary distinction
between Sg and Lg, we are in favor of calling the direct shear arrival "S" and
reserving the term "Lg" for shear waves with group velocities around 3.5 km/sec
at epicentral distances where Sn (or the mantle-refracted S) becomes the first
shear arrival. In this report, the term "Lg" will refer to both the "Lg" and
the "Sg" cited in earlier seismological literature. In the following sections,
we will attempt to summarize and discuss previous studies on the observations and
interpretations of the Lg phase. We have divided the literature available to us
into 7 topics: (A) particle motion and dispersion, (B) regional velocity, (C)
spectral content, (D)wave guide and mode of excitation, (E) attenuation and
propagation efficiency, (F)magnitude-scale based on Lg, and (G)others.
(A) Particle motion and dispersion.
Press and Ewing (1952) describe the particle motion of Lg in the following
words:
"... During the first cycles the waves have approximately equal amplitudes
on all three components, but the transverse horizontal rapidly gains amplitude
and becomes several times larger than the other two within about 30 seconds. Approximately 1 minute after the commencement of the phase, the amplitude on the
transverse component, having reached a value many times larger than that of S
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or SS on any component, begins to decrease gradually, but does not drop to a
value comparable with that of SS until about 30 minutes later, the period then
being of the order 10-14 seconds. The group velocity for the latter part of
this phase is certainly less than about 2 km/sec, the lower limit being uncertain
...". As for Eurasian events recorded at Uppsala and Kiruna, BAth (1954)
reports that the particle motion of Lg was primarily transverse and was often
observed at two different group velocity windows:
Lg2 at 3.37 ± 0.04 km/sec.
vercical motion involved.

LgI , at 3.54 ± 0.06 km/sec and

Lehmann (1953) states that there was "considerable"
All the authors mentioned above agreed that both

the horizontal and the vertical components of particle motion were present in the
Lg phase. Herrin and Richmond (1960) used a ray-approach analysis to explain
the particle motion of Lg. Their calculations indicate that a strong SV type
motion (i.e. with longitudinal and vertical components of motion) would be present
with the SH-type motic *nitially; but during the later part of the wave train
where the anale of incidence for the rays presumably becomes less steep, energy
leakage to the bottom layers due to SV-to-P conversion would occur and the SVmotion tends to decrease faster than that of the SH-motion. The results of this
analysis are in agreement with the observations of Oliver et al.

(1955), but

do not agree with their own observations at Dallas for earthquakes in southwestern
United States and Mexico where strong SV-motion continued throughout the Lg wavetrain. Herrin and Richmond also estimated the partitioning of energy between
SV and P waves at different angles of incidence;

Herrin (1961) pointed out some

errors in their partitioning of energy and corrected them.

By correlating the

vertical component to the longitudinal component of the Lg particle motion,
Sutton

et al. (1967) found out that the particle motion of Lg from underground
nuclear explosions and small earthquakes tended to be either transverse or mixed.
Aside from the qualitative comparison of Press and Ewing between the vertical
and horizontal components of displacement, there are several other reports on their
relative amplitudes. For the Lg amplitudes generated by the nuclear explosion GNOME
in a salt

mine of New Mexico, Rnmney et al.

(1962) note that the displacements

on all three components were approximately equal.
northeastern U.S.

-

But for earthquakes in the

southeastern Canada regions recorded at North American stations,

Street (1976) reports that the maximum sustained horizontal component of Lg
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consistently exceeded the vertical component by a factor of 3. For all epicentral
distances in Iran, the resultant horizontal motion of Lg at 1 sec was usually
twice that of the vertical component (Nuttli, 1980a).

Bath (1956), however,

found some Lg waves with no vertical particle motion at all.
Although Press and Ewing (1952) suggested the possibility of using higher
mode surface waves to interpret the Lg phase, Oliver and Ewing (1957) were the
first to calcualte the dispersion curves of higher mode Rayleigh waves and use them
In

to explain the longitudinal and vertical components of Lg particle motion.

a later paper, Oliver and Ewing (1958) computed the dispersion curves from simple
earth models for higher mode Love and Rayleigh waves and found that the M2 -mode
(1st shear mode) and the second Love mode had similar velocities at the same period,
which may explain the simultaneous arrivals of the vertical, longitudinal, and
transverse components of ground motion for Lg.

Dispersion curves and particle

motions of higher mode Love and Rayleigh waves were computed for realistic earth
models by Brune and Dorman (1963), and later including the effects of sphericity
into the earth models by Kovach and Anderson (1964).

Brune and Dorman also com-

puted synthetic seismograms for the transverse component of Lg.
these authors confirm the hypothesis of Oliver and Ewing.

The results of

Knopoff et al.

(1973)

presented further evidence to identify the transverse component of Lg motion as
higher mode Love waves by (i) computing the relative spectral excitations for
double-couple sources at different depths, and (ii),

constructing synthetic

seismograms for the higher mode Rayleigh waves and identified them as the longitudinal and vertical components of Lg motion.
The particle motion of the Ist shear mode (M,) was computed by Oliver and Ewin]
(1957) to be retrograde elliptical; the same authors later reported that obser0
0
vations from an Arctic ?vent (5/25/1950, 8:24:32; 65.5 N, 151 .5 W) recorded at

Palisades, confirmed their previous theoretical results on the particle motion
(Oliver and Ewing, 1958).

Barley (1978) traced the particle motion of nigher

mode Rayleigh waves (2.Osec 4 T 4 3.5sec) for the group velocity window 3.0
to 3.5 km/sec, and found it to be retrograde elliptical.
by the theoretical calculdtions of Panz3 et al.

This result was predicted

(1972) for the first three hiher

a3yleiah modes; these authors also found that at a given period the ellioticit,
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(defined as the ratio of the longitudinal component of particle motion to the
vertical component) increased with decreasing mode number. For a shield
structure with a low velocity channel (LVCj in the upper mantle, they found
that at periods less than 4 sec. the ellipticity for the third higher Rayleigh
mode was greater or equal to 0.7, whereas the ellipticity for the fundamentalI
and the first two higher Rayleigh modes was greater or equal to 1.0.

(B) Regional velocity.
Table I is a summary of Lg velocities which were published in journals
and reports available to us. Whenever possible, we tried to include information pertaining to the measurements of the velocity, such as the location
of the seismic events and recording stations, the type of instrument used to
record the events (horizontal or vertical component, short or long period, etc.),
and the period of the Lg waves at which the measurement was made. Although
the majority of the references cited did not specify their method of measurement. we deduced from their ficures that most reported velocities were measured
at the initial stage of the coda when a visible change in wave frequency or
amplitude could be observed, either on the long- or short-period instruments.
The measurements of Pomeroy and Nowak (1g78), however, were made at the amplitude
maxima of the Lg coda which seemed to be more unstable. Differences in the
method of measurement and the recording instrument may account for the apparent
discrepancy between the various reports. While measurements at the beginning
of the coda probably correspond to the Airy phase(s) of higher mode surface waves
with the fastest group velocity, measurements dL the amplitude maxima probably
coincide with the group velocity window where several Airy phases overlap.
Whereas the former is indicative of the average properties of the wave guide,
the latter which tends to be slower than the former, is probably not only more
diagnostic of the detailed structure of the wave guide but also informative
concerning the relative excitation of the various modes at the source (Knopoff
et al., 1974). W,-e
would like to explore this possible aspect of Lg in a future
study.
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(C) Spectral Content.
The only sources known to us on the spectral content of Lg are derived
from Street et al.

(1976) and the Soviet seismological literatures (e.g. Anto-

nova et al., 1978; Nurmagambetov, 1974).

The studies on Lg propagation in

the USSR were compiled and summarized in a report by Shishkevish (1979).
Street et al. derived their data from over 300 short-period, vertical
component recordings of 78 earthquakes in the central U.S. In the period
range they analyzed (approximately 0.05 - 10 sec.), the amplitude spectra gen-2
erally indicate a falloff of w
between the flat portions at the long- and
short- period ends.

Their spectra were corrected for the effects of instru-

ment response, but not for the anelastic attenuation of the path.
The frequncy selection seismograph stations (ChISS) of the USSR have enabled
the spectral analysis of Lg to become a routine procedure.

Their results, com-

monly plotted as log (A/T) vs. log (I/T), generally display peaks at short
epicentral distances.
distance increases.

The peak is shifted towards lower frequencies as epicentral
This dependency of spectral peak on epicentral distance

is also a function of propagation path.

In these studies, the frequency ranged

from 0.3 to approximately 20 Hz while the epicentral distance spanned from 30
to 3000 km.

The falloff in their velocity amplitude spectra (i.e. displacement
amplitude spectra multiplied by frequency) is also dependent on epicentral
distances:

at epicentral distances around 350 km, the falloff ranges from

slightly greater than one to approximately two; whereas at epicentral distances
greater than about 1000 km, the falloff remains less than 3. Since these
measurements of Lg spectral content did not take the effects of geometrical
spreading and anelastic attenuation into account, the spectral characteristics
measured at short epicentral distances were probably more representative of the
source spectra and a spectral falloff of about 2 could be taken as representative
of the source falloff for the displacement amplitude spectra of Lg waves. The
high-frequency spectral peaks observed in the USSR is probably an artifact of
the velocity spectra plot; that is, the spectral peak will oisappear if the plot
is converted into a displacement amplitude spectra.
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(0) Wave guide and mode of excitation.
Press and Ewing (1952) are, again, the first ones to point out that
Lg is a wave which is confined to a surface or near-surface layer by waveguidaction. .." based on the observed velocity and large amplitudes. Subsequent
theoretical studies tend to support their claim although this conclusion is not
reached without its share of confusion. In a study of Lg waves in Eurasia,
Bath (1954) observed a correlation between hypocentral depth and the energies
contained in Lg1 and Lg92. That is, the energy of Lgl generally decreased
with increasing hypocentral depth, whereas the energy for Lg reached a maximum
when the source depth was around 45 km. He attributes the difference in energy
distribution to several crustal channels or layers which transmitted waves at
different group velocities. This claim, although sound when interpreted in
terms of Airy phases with different group velocities, led to two unexpected
results when viewed from the perspective of channel waves. Firstly, terminologies
for waves which supposedly propagated in different channels of the crust and
upper mantle proliferated (e.g. Bath, 1958). Secondly, several low-velocity
channels in the crust and upper mantle came to be used as explanations for the
efficient propagation of the various channel waves (Gutenberg, 1955; Bath, 1956,

1958).
Based on the dispersion curves of higher mode Love and Rayleigh waves,
Oliver and Ewing (1957, 1958), Brune and Dorman (1963), and Kovach and Anderson
(1964) found it possible to explain the frequency content and the group velocity
of Lg waves by using the Airy phases of the higher modes. Kovach and Anderson
(1964) also point out that the modes observed ". ..depend on the period range
being studied and the depth of the source...' and that variations in the
velocity and period of the observed Lg depended on the positions of the Airy
phase, wnich in turn depended on the elastic parameters of the propagation
path. If the interpretation of Lg waves as superpositions of higher mode
surface waves is correct, then we would expect an additional dependence on
the source radiation pattern. At periods greater or equal to 5 sec., radiation
patterns of the first higher Love and Rayleigh modes compare favorably with
calculated results (Mitchell , 1973 a,b). The observations of Sutton et al.
(1967) on short-period (0.5-2.0 sec) Lg waves, however, indicate that
".

there seems to be no systematic difference in the short-period energy
radiation pattern between the underground nuclear explosions and the
earthquakes ..." and that the pattern of the energy-contours (or contours based on the maximum amplitude) could be better explained by a
correlation with the major tectonic provinces of the United States.
Since the modal composition of Lg at short periods is a combination of
many higher modes, the observed amplitudes may not be diagnostic of the
radiation pattern of the individual modes.

Also, scattering is prob-

ably more important for short-period waves and its effects more likely
to mask any azimuthal pattern that may be present.
Panza et al.

(1972) showed that the collection of higher mode Ray-

leigh waves could be separated into a family of crustal waves and a family
of channel waves in a structure containing even a slight low-velocity
channel (LVC) in the upper mantle.

As it is implied by the name, channel

waves have most of the energy in the LVC and have essentially zero
energy at the surface.

Crustal waves, on the other hand, have most of

their energy in the crust; consequently, only the fundamental mode and the
crustal waves need to be considered for the excitation of Rayleigh waves.
Knopoff et al. (1973) demonstrated that higher mode Love waves could
similarly be divided into crustal waves and channel waves.

For a structure

without any LVC, the whole suite of higher mode Love and Rayleigh waves
has to be taken into account for the ground motion of the Lg waves.
Knopoff et al. (1974) further establish that the group velocity
and the periods of the Lg stationary phase could be diagnostic for the
crustal thickness and the shear velocity in the crust and the upper mantle.
In general, as the crustal thickness increased, both the group velocity
of the late-arriving Lg stationary phases, Ui,
i-ni

Tmin

,

tended to increase.

n 'm

and the period at Umin

n,

Increasing tne crustal velocity while keeping

all other parameters constant would tend to decrease Tmin ' but increase
Umin

,

the magnitude of Lg-excitation, and the general peiod-content of

the Lg waves.

These authors a~so demonstrate

that (i) for thicknesses

of the upper mantle lid greater than 20-25 kii,Lg is insensitive to changes
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in its thickness, and (ii) Lg is insensitive to the velocity in the upper
mantle LVC. Panza and Calcagnile (1975) point out that higher mode contribution becomes more significant as the period decreases and/or as the
hypocentral depth decreases.
As for the low-velocity channel in the crust and/or upper mantle,
Oliver and Ewing (1958) concluded that it was not necessary to explain the
characteristics of the Lg phase.

Knopoff et al.

(1973) and Panza and

Calcagnile (1975), based on more modes extending to shorter periods, reached
the same conclusion concerning the Love- and Rayleigh-type motions of the
Lg phase, respectively.
Most of the investigators mentioned in this section would probably
maintain that the characteristics of Lg can be explained by the anelastic
attenuation of the crust-mantle layers, the frequency response of the seismograph system, and the superposition of higher mode surface waves.

Ruzaikin

et al. (1977), on the other hand, state that they "...remain unconvinced
that normal modes will allow useful interpretation of Lg when more detailed
data on its structure are obtained ..." and suggest that lateral heterogeneity
had a key role in shaping the characteristics of the observed Lg.

Their

argument was based on the discrepancy between calculations from higher
mode surface waves which predicted the duration of Lg to be confined in
the group velocity windows of approximately 3.5-3.1 km/sec, and observations
of the Lg phase which indicated that its amplitude was significant in the
group velocity window 3.5 - 2.8 km/sec.
fundamental mode (T

Oceanic Rayleigh waves of the
12 sec) also exhibit similar "stretching" in duration.

These waves have nevertheless been instrumental in shaping our present
understanding concerning the oceanic structure.

Thus, while we share the

belief with Ruzaikin et al. that heterogeneties

in the propagation path are

important in shaping the waveform of Lg, we also believe that the normal
mode theory, when supplemented with theories or methods which can take heterogenety in the path into consideration (e.g. the scattering theory of Aki,
1969), will serve to improve the explanation for the Lg phase.
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(E) Attenuation and propagation efficiency.
This section deals with the measurement of amplitude-diminution as
a function of epicentral distance; the title of the section reflects, respectively, the quantitative and qualitative aspects of it. The former
refers to the rate of anelastic absorption of the wave's kinetic energy
per unit distance, while the latter provides a descriptive measure for the
efficiency of the medium in transmitting Lg waves.
In seismological literature, attenuation is usually measured in terms
of the attenuation coefficient, Y , or the attenuation quality factor, Q
These two quantities can be related via the following equation:
7L f

Q

u

where f and u are the frequency and the velocity of the wave, respectively.
For Lg waves. measurements of ' and Q , compiled in Table II, have been
obtained by three approaches: (i) time-domain, (ii)frequency-domain, and
(iii) coda.
The time domain approach entails three steps: (i)measure the ,w.ave
amplitude at different epicentral distances, (ii)correct the amplitudes
for the effect of geometrical spreading, and (iii) estimate the Y3 or Q
that would explain the falloff of the amplitude in relation to distance.
Nuttli (1975, 1978, 1980 a, b) and Street (1976) chose to combine st,±-s
(iii) and (ii)together, and compared the observed amplitudes directly
with curves that include the effects of geometrical spreading and different degrees of attenuation. The frequency-domain approach has the
advantage of being able to take the source radiation pattern into account.
The procedure used by Mitchell and coworkers, who have been the primary
advocates of this approach on higher mode surface waves, is similar to that
employed for the study of the fundamental mode (Tsai and Aki, 1969).
Again, three steps are involved in this procedure: (i)determine the
amplitude apectra for the fundamental and higher mode surface waves by
applying a frequency-velocity filter (e.g. the multiple-filter technique

*
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of Dziewonski et al., 1969), (ii) estimate a fault-plane solution from bodyand/or surface-wave data, and (iii)

calculate the attenuation coefficient that

would produce the best fit between the observed amplitudes and the radiation
pattern computed at each period.

To date, this approach has been limited

to the analysis of the fundamental and the Ist higher mode (Mitchell, 1973
a,b; Cheng and Mitchell, 1980).

The coda approach, which was derived from

the scattering theory of surface waves (Aki, 1969), has been applied successfully to data from narrow-band seismographs to establish (i) scaling
laws for local earthquakes, and (ii) estimates of regional Q (Aki and Chouet,
1975; Chouet et.al., 1978; Rautian and Khalturin, 1978).

Herrmann and co-

workers recently modified this method for data derived from broadband seismographs.

They estimated the regional Q from Lg waves by measuring (i) the

predominant frequency in the coda as a function of time, and (ii) the coda
shape (Herrmann, 1980, Singh and Herrmann, 1979).
The propagation efficiency of a region is usually estimated by measuring
the frequency content and wave amplitude (usually in relation to the level
of the ambient noise or the amplitude of another phase); in general, three
terms: clear, weak, and none, are used to describe the amplitude of the
Lg phase.

"Clear" usually refers to an impulsive, large-amplitude, high-

frequency arrival; "weak" refers to a drawn-out, small, low-frequency arrival;
and "none" is indicative of completely inefficient Lg propagation.

Although

different authors have set their standards for clear and weak Lg somewhat
differently, their conclusions concerning the propagation efficiency of a
given region are, surprisingly, quite uniform. A list of regional studies
on the propagation efficiency of Lg is compiled in Table III.
In interpreting the inefficient propagation of Lg in the Tibetan
plateau, R izaikin, et al. (1977) proposed two explanations which are probabl'/
applicable to most areas with major tectonic boundaries.

Firstly, a dis-

ruption, termination, or vertical displacement of wave guide (which is either
the entire crust or part of it) will seriously affect the propagation
efficiency of Lg waves; secondly, high attenuation in the crust will also
be able to affect the ability to transmit Lg.
is probably

The ocean-continent boundary

a disruption or termination of the wave guide for Lg; disap-
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pearance of Lg waves after crossing approximately 100 km of oceanic structure is a well documented observation (e.g. Press and Ewing, 1952; Bath, 1954;
etc.). This peculiar property of Lg waves to propagate only in the continental
crust was used by Oliver et al.

(1955) to map the continental structure in

the Arctic regions.
Bath (1956) and Gutenberg (1955) report that the Lg phase was weakened
or disappeared when crossing recent mountain chains.

Shishkevish (1979), in

his compilation of studies on Lg propagation in the Soviet Union, also notes
that the Lg phase was attenuated when crossing Tien Shan, Pamir-Hindu Kush,
and the Himalayas. He also points out that "...the propagation of Lg across
the Tien Shan is less efficient when paths are more oblique to the trend
of the range than when they are perpendicular to it
.".
Uniformity of the
structure (Chinn et al., 1980) and the complexity of geology (Street, 1976)
in the propagation path are also considered important in determining the
attenuation of the Lg amplitude.

In summary, the presence of a uniform,

high-Q wave guide is essential for the efficient propagation of Lg; in the
case of a non-uniform or low-Q wave guide, the degree of non-uniformity of
the wave guide and the length of propagation in it are both important in
determining the fraction of Lg-energy that will be observed.

(F) Magnitude-scale based on Lg.
Since Lg is often found to be the largest phase it regional distances,
it 4s natural that a magnitude-scale based on Lg amplitude would become
important to studies on regional seimsicity. Based on LRSM reports from 78
underground nuclear explosions, Baker (1970) proposed a general formula of
the form,
MLg

lOg1

(A/T) + Q(T,

) + S(T)

to calculate the magnitude-scale from Lg amplitudes.

(2)
Q (T,t ) represents a

correction term for the attenuation, and S(T) is a term for station correction.
Baker obtained an expression for Q(T,A), as a sixth degree polynomial of

16

distance, by minimizing the difference between loglO(A/T) and the reported
mb for each event; he also assigned tentative corrections for each station.
MLg calculated by Baker indicates less scatter than the reported mb'
Nuttli (1973) formulated a magnitude scale for Lg while studying its
attenuation in the eastern United States.

He assumed that the term Q(T,A)

in equation (2) has the form C(T,A) log, 0 A, and subsequently found two
magnitude formulae, applicable at different distance ranges, for 1-sec Lg
of "sustained" (3 or more cycles) amplitudes.
MLg

=
=

+ log 10 (A/T)

3.75 + 0.9 lOglo
3.30 + 1.66 log

10og10

oZS + lglO (A/T)

0.50
0
o

4

A

4
A

40
30

E 300

Street (1976) and Bollinger (1979), respectively, found Nuttli's formulae
to be applicable in northeastern and southeastern North America, provided that
the maximum distance is limited to approximately 2000 km.
Street et al. (1976), on the other hand, assumed C(T, & ) to be known
and then specified S(T) such that the magnitude scales at different periods
were set equal for an mb

=

1.5 event.

For an mb = 2.5 event, the magnitude

calculated at 0.1 sec. according to their formulation would be 1.8, and the
discrepancy between mb and mn 1 increased rapidly with increasing mb. Since
there is no implicit or explicit reasoning behind the assumption of a known
C(T, A ), we are inclined towards the procedure of determining C(T, A

) ex-

perimentally and then calculating the S(T) so that a uniform magnitude would
be obtained at all periods.

(G) Others.
Sn to Lg conversion appears to occur near the margin of the American continents.

For events from the West Indies and Mexico recorded at North

American stations, Isacks and Stephens (1975) identified the prominent phases
which arrived after Sn as possibly a converted Lg at the continental margin.
Chinn et al. (1980) observed similar conversions for events in the Nazca
Plate recorded at South American stations. In neither of the studies was
any Lg to Sn conversion observed.
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A number of investigators have explored the possibility of using the
ratio of Lg-amplitude to P-amplitude as a discriminant for the earthquake
and the underground explosion populations. This possibility was tested by
Pomeroy and Nowak (1979), Pomeroy (1980), Nuttli (1980 b), and Gupta et al.
(1980) for propagation paths in western and central Soviet Union, and by
Pomeroy and Nowak (1979) and Pomeroy (1980) for propagation paths in eastern
and western United States, respectively. Their findings indicate a tendency
for the Lg to P amplitude ratios to be greater than 1.0 for earthquakes and
less than 1.0 for underground nuclear explosions. The ratios, however,
appear to be strongly dependent on on the epicentral distance and the regional attenuation in the propagation paths and therefore cannot be used
reliably as a discriminant between explosions and earthquakes.
Contrary to higher-mode surface waves in continental structures,
higher-mode Love waves in sediment-covered oceanic structures do not form a
coherent family of arrivals at short periods (Knopoff et al., 1979). This
phenomenon can serve to explain the absence of Lg waves in the oceanic structure.
These authors also point out that since a large fraction of the shear energy at
the stationary phases of higher-mode Love waves is concentrated in the sedimentary layer, absorption by the low-rigidity sediment and scattering due to variations in its thickness can account for tne raoid attenuation of the higher-mode
Love waves in oceanic structures.
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II. Contrast in Lg Wave Propagation in the Eastern United States with that in
the USSR.
The purpose of this report is to portray and discuss similarities and
differences in Lg wave propagation in the eastern United States with that
in different portions of the USSR. The discussion will be divided into five
areas:
1. Lg vs. P amplitudes
2. Lg/P amplitude ratios as a function of distance
3. Lg group velocity
4. Lg energy ratios
5. Lg attenuation
1. Lg vs. P amplitudes.
A plot of Lg vs. P wave amplitudes for earthquakes in the eastern United
States is presented in Figure 1. The dashed line in this figure represents a
wave amplitude of Lg approximately equal to 10 times the wave amplitude of P
(Lg .::10 P). Also shown in this figure are:
1. Amplitudes of Lg and P measured from records of the underground explosion SALMON shown by solid triangles.
2. A solid line (Lg "6.5 P) based on 104 measurements of Lg and P
from earthquakes in Africa.
In general, this figure quantifies the general observation in the eastern
United States that Lg is commonly the largest regional seismic wave recorded
and often is the only signal recorded from small events.
In the USSR, the situation is complicated by the fact that most of the data
available are from WWSSN or other recording stations located outside the USSR
while the events of interest are within the USSR usually on the other side of
significant tectonic boundaries. With that in mind, the data in Figure 2 can
be explained. The few earthquake events in the western portion of the USSR
shown as solid squares scatter around the solid line represented by La = P/10;
that is, the amplitudes of Lg are smaller than amplitudes of P. The data from
the Gazli earthquakes falls closer to the dashed line (Lg = P). For both data
sets, the Lg amplitudes are significantly smaller than those observed in the
eastern United States. When data published by Soviet authors for earthquakes
in the eastern USSR is examined, the situation is significantly different as
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shown in Figure 3.

For earthquakes not crossing major tectonic boundaries

(Events 1-12), Lg is the predominant phase on the seismogram.

Thus, in this

respect, the eastern portions of the US and the USSR are similar.
For explosions in the western central portions of the USSR, the data
falls about or below the line Lg = P, indicating a similarity to the earthquake data.

This is shown in Figure 4 for all the USSR explosions as studied

by Rondout during this contract.

This indicates little contrast with the

earthquake population and suggests that the propagation path rather than the
source properties exert a predominant effect on Lg propagation in this region.
This result is in agreement with the SALMON results in the eastern United
States.
2. Lg/P ratios as a function of distance.
Lg/P ratios have been suggested as a possible discriminant between
explosion and earthquake sources.
the ratio (A/T) L
(A/T) P

In Figure 5, data on the logarithm of

are plotted vs. distance for all events studied by

Rondout (with the exception of the eastern USSR events).

The earthquakes

in the eastern USSR would plot as positive values in this data. Two straight
lines represent the best least-squares fit to the explosion and earthquake
data.

Although the data from earthquakes is sparse

there does not appear

to be a siqnificant difference between the two populations.

Because the

data presented here comes from a wide variety of source-receiver patterns,
more detailed comparisons of the two populations on a path-by-path basis are
required.
Although similar data on explosion for the eastern United States

is

limited to that of SALMON, it can be inferred from a examination of Figure 1
that the explosion and earthquake data would fall in the same general region
on a plot such as that of Figure 5.
3. Lg group velocity.
An initial observation that the Lg group velocity for the SALMON event
was low led to a more extensive study of the group velocity values for Lg
both in the eastern US and in the USSR.

Data for a number of earthnuakes

in the eastern United States are presented in Figure 6 (WWSSN anu
and 7 (NEUSSN data).

LRSMdata)

These show that the group velocity from a number of

event-station pairs falls below the generally accepted 3.5 km/sec value.
solid traingles in Figure 6 reoresent data from the SALMON exolosion.

The

Possible

explanations for these low group velocities include the foliowina two hypotheses:
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5. Lg attenuation
Lg attenuation has been the subject of numerous investigations (see Part I
of this report).

'Hard' data on attenuation, particularly comparable data from

different regions, is still not readily available. As part of the regional wave
propagation study by Rondout, attenuation measurement in the eastern US and in
the Soviet Union were carried out and the results are presented in Figures 11
and 12 respectively. Figure 11 is a composite plot based primarily on eastern
US earthquake data.
magnitude.

Since the data is composited, it was normalized to a common

For comparison, Nuttli's approximation toy = 0.07 deo -1

is shown

as a solid line and the best least square fit to the data is shown as the dashed
line.
In Figure 12, Lg attenuation is plotted for USSR explosions.

The ex-

plosion data was normalized through yields assigned by Dahlman and Israelson
and thus is subject to even greater uncertainties than earthquake data.
straight line representing an amplitude fall-off of proportion and 1',

A
3.
is

shown.

Also shown in Figure 12 are four paths (indicated by crosses) within
the USSR as derived by Soviet investigators.
Although a direct comparison of Figures 11 and 12 is difficult because
of different scales, our tentative conclusion is that, on the average, the two
data sets could be derived from the same population. Work by Nu~tli and Springer
indicates that portions of the USSR may have attenuations intermediate between
those of the eastern and western US.
differences.

Our composites would average out these
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III.

Others
Magnitude-Yield Relation and
An accurate determination of the magnitude-yield relation is an important

geophysical problem.

Aside from its obvious application for estimating the yield

of unknown nuclear tests by measuring the amplitudes of the observed seismic waves,
a well-determined magnitude-yield relation may become one of the most useful tools
for calibrating the seismic energy (especially at short periods) radiated by
earthquakes. The task of casting this relation into a well defined form, however,
is not an easy one. Difficulties can be traced to both the magnitude and the yield
ends of the relation. Below we will describe some of the difficulties involved.
The amplitudes of the observed seismic waves can be significantly affected
by several factors, such as (i) the medium and the burial depth of the source,
(ii) the degree of seismic coupling between the source and the surrounding medium,
and (iii)

the local structures beneath the source and the receivers.

The first and

third factors have plagued seismologists for years, but these problems are currently being solved. To our knowledge, the second factor has not been studied extensively, its effects are therefore not well understood.
Several investigators have attempted to establish the magnitude-yield relation
based on magnitudes that are determined from local/regional networks and/or a relatively small number of events.

In view of the lack of completeness of these

studies and the importance of this problem, we have decided to (i) undertake a
comprehensive compilation of available published results that are relevant to
the problem of yield-estimation, (ii) present the results from our compilation in
a useful form, and (iii)

improve the determination of body-wave magnitudes, in

a statistical sense, by increasing the number of amplitude measurements at various
epicentral distances.

[ ISC determines its body-wave magnitudes only if 3 or

more stations report their amplitudes.

It then applies the unified magnitude of

Gutenberg (1956) to the amplitudes to determine the mb.

Few stations, however,

have the habit of reporting their amplitudes to the ISC. ]

Data.
Because of the large number (2 400) of nuclear tests in the United States
and the Soviet Union, we have limited most of our data base to those underground
nuclear explosions for which reports on their estimated yield exist.

The U.S.
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data used is derived from Springer and Kinnaman (1971, 1975), and the Soviet data,
from Bolt (1976) and Dahlman and Israelson (1977).

The magnitude determinations

used are from Bolt (1976) and the International Seismological Centre (ISC) Bulletins.

There are some doubts concerning the source reference of the estimated

yield for the Soviet tests, compiled by Dahlman and Israelson, as well as the magnitude
of the Soviet tests as reported by Bolt; we are in the process of Uncovering these
uncertainties.
Table IV represents a compilation of the U.S. explosion data used in this
report.

The table contains the name, data, origin time, location, and burial

depth of the event; it also describes the rock-type surrounding the buried source
(e.g. tuff, alluvium, rhyolite, etc.), the dimensions (volume, diameter, and
height) of the collapse cavity, the body-wave magnitude (ISC), and the announced
or estimated yield.

Except for the magnitude, all the information was provided

to Springer and Kinnaman (1971, 1975) by the U.S. Atomic Energy Commnission (AEC).
A compilation of the available Soviet data is outlined in Table V.

This table

consists of the date, computed origin time and location (Bolt, 1976), the bodywave magnitudes (from ISC and Bolt's compilation), and the estimated yield for
these events (Dahlman and Israelson, 1977).
Based on the compilations in Table IV and V, we have made the following
plots:
From the Soviet data:

mb (ISC and Bolt's) vs. estimated yield (Fig 13 and la,
respectively)

From the U.S. data:

a. mb (ISC) vs. estimated yield (Fig. 15)
b.
c.

volume of collapse vs. estimated yield (Fig. 16
diameter and height of collapse center vs. estimated
yield (Figures 17 and 18 resoectively)

d.

volume of collapse vs. depth of burial (Fig. 19)

Information on the locality and the rock-type of the test-site are also included
whenever available.
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Results and Discussion.
A comparison between the empirically determined and computed magnitudeyield relations in different media

(cf. Fig. 7-8 of Bolt, 1976) and the data

points in Fig. 13 and 15 shows that the U.S. data can be approximated closely by
the curve for granite, whereas the Soviet data lies roughly between the curves for
granite and water.

Body-wave rtagnitudes taken from Bolt, on the other hand,

show larger scatter than mb(ISC) when plotted as a function of estimated yield
(Figs.13 and 14). There is some indication that (i) events in the E. Kazakhstan
are more efficient in generating seismic waves than the other test sites of
the Soviet Union, and (ii) events situated in tuff and rhyolite generate waves more
efficiently than those located in alluvium at the Nevada Test Site (NTS).
In plotting the collapse volume vs. the estimated yield (fig. 16), we
divided the data into 3 groups: the first two groups (open and closed symbols)
refer to events presented in Figurel5, while the third group (semi-filled symbols) consists cf events that contain information on the collapse volume and
the estimated yield but not on the body-wave magnitude. The first two groups
are divided, somewhat arbitrarily, into normal (closed symbols) and anomalous
(open symbols) events.

The normal events lie closely together as a group,

while the anomalous events appear to have unusually small collapse volumes
for their estimated yields. Fig. 17and 18(the diameter and depth, respectively,
of the collapse crater vs. estimated yield) were plotted from the same data
set.

It is quite interesting that except for the anomalous events, the diameter
of the collapse crater can be approximated as being linearly proportional to the
logarithm of the yield; the heiqht of the crater, however, appears to be independent of the yield. Figure 19, which relates the collapse volume to the
burial depth, is composed of the events found in Figure 17 (or 18 as well as
events without reports on their magnitude and yield. This figure seems to indicate three depth-dependent distributions:

(i) the volume of collapse is

indeoendent of burial depth when the latter is less than about 900 ft., (ii)
at depths between 900 and 2500 ft., the logarithm of the collapse volume is
approximately linearly proportional to the burial depth, and (iii)

for the

three events at deeper than 4000 ft., the volume of collaose is again unpre-
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dictable.

A cautionary remark is deemed necessary at this point:

the burial

depth of the test charge is usually commensurate with its size; consequently,
the collapse volume is probably a complex function of the local rock type, burial
depth, and the actual yield.
In the remainng quarter of this fiscal year, we plan to conduct three
projects: (i) to perform regression analysis for the data parameters mentioned
above, (ii) to run a few simple statistical tests to evaluate the relative importance of the various parameters on the amplitudes of seismic waves and the
dimensions of the collapse crater, and (iii) to upgrade the magnitude determination by incorporating additionEl amplitude readings from stations that did not
furnish this information to the ISC.
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