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ABSTRACT

Research related to the detection, location, and iden-
tification of underground nuclear explosion devoted co
several major problem areas has been completed. Effects of
earth structure and focal mechanism on body-wave magnitude
determinations have been investigated, and empirical relations
between nuclear yield and Kayleizh wave magnitudes established
for selected seismograph stations. Calculations of crustal
trancmission coefficlients for P-waves have been extended to
take into account dip and the results applied to observations
of laboratory explosion and deep earthquakes. A model for
the triggering of earthquakes by explosions based on finite-
strain theory has been suggested, the superposition of tihne
explosion-generated and triggered-earthquake-generated P-wave
computed for single models, and aftershocks of the Benham
event analyzed. Methods of using P-wave and Rayleigh wave
spectra for determining earthquake mechanisms have been de-
veloped and applied. A small local network for detecting
and locating low magnitude earthquakes in southeast Missouri
has ylelded good data on current local seismicity.
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Magnitude, Yield, and Energy Determination.



1. On the Problems of Determining Body-Wave Magnitude
Otto W. Nuttli

One of the most successful means of discriminating be-
tween earthquakes and underground explosions compares the
body and surface wave magnitudes of the event. Thils discrim-
ination method was developed for larger magnitude events (mb
between about 5 and 6., and is gradually being extended to
smaller ones,

At least two classes of problems arise when smaller
magnitude events are considered. The first concerns the
physics of the source mechanism. For earthquakes of small
magnitude the volume of the source region and the time dura-
tion of the source become small, so that the earthquake source
will more closely approximate an impulse in time applied at
a point. PFor this reason the differences in seismic signals
from earthquakes and underground explosions are expected to
become less pronounced as their magnitudes become smaller.
The second class of problems pecullar to small magnitude
events results from the fact that the amplitudes of the seis-
mic signals are smaller, so that they are recorded by perhaps
only a few selsmograph stations or arrays. As a consequence
certain factors which affect the amplitude of the recorded
signal take on a new significance. For the larger magnitude
events these factors can to a large extent be ignored, by

assuming that they randomly affect the ground motion at a



lorye numter of selumorraph stations, Although the scatier
in maynituae vualues f'rom individual stations will be large,
Lthe statlstical average ot all such magnitudes appears to
xive a reasonable approximation Lo the actual magnitude.
However, when data from only a few stations are avalilable,
the effects of crustal structure, azimuthal-dependent radia-
tion pattern of the source and the attenuation of wave motion
with distance take on much more importance.

In another paper in this report (Effect of Regional Cor-
rection on the Value of mb), Syed offers a methodology for
correctinyg for the azimuthal-dependent radiation pattern of
the source. His procedure, which can be applled in a routine
manner, does not require that a focal mechanism solution be
determined for each event. Furthermore, his study enables
him to determine which seismograph stations will r-~ceive
anomalously small amplitude P waves from earthquakes in a
particular geographic region because of the focal mechanism
pattern of the region. For example, LASA will have smaller
than average amplitude P waves from earthquakes benea‘h the
Aleutian Islands, but normal or larger than average amplitude
P waves for earthquakes beneath the Aieutian Trench.

The effects of the crist and upper mantle structure on
the ground motion can, in theory, be compensated by using
the crustal transter function. These effects include the
frequency-dependent constructive and destructive interference
of waves reflected at the crustal boundaries and/or converted

from P to SV motion. However, 1in practice,'the inverse



problem of determininy c¢rustal structure from observations

of the cruytal transfer function only has been successful

for ong-p2riod P waves. Attempts at using the short-period
P spectral ratios for crustal structure determinations have
proved inconclusive or unsatisfuctory (Utsu, 19u6, und Hase-
gawa, 1970). This can be attributed in ,rest part to the
fact that the maxims and minima of the crustal transter func-
tion, when considered as a function of earth period, are much
more closely spaced together at periods of about 0.5 Lo 2.0
seconds than at periods of about 5 to 10 seconds.

The extent to which crustal structure can influence the
short-period P wave ground motionr may be seen in the plot of
the maximum A/T for the vertical component of the P motion
produced by LONGSHOT (Lambert et al, 1970, fi;. 4). At dis-
tances of 20o to 100° the spread in A/T values at any given
distance is at least one and as much as two orders of magni-
tude (differences of 10 to 100 times). As a second example,
the cata in Table 1, which contains m, values from short-
period PZ for two Sovliet underground explosions at Kazakh,
indicate a spread of one magnitude unit between m, values at
the various WWSSN stations. However, at no station does the
difference in m, for the two events exceed 0.27 magnitude
units, the average value of the absolute difference belng
only 0.12. This indicates that the variation 1in magnitude
values between stations for a single event is not caused
principally by noise or errors in reading, but rather is

reproducible. Such reproducibility is to be expected if the

observed ampllitudes depend strongly upon the crustal structure.



rust oand uppe:r mantle structure hos o lesser modify-
oy ef'ffert upon the amplitude of the {ncident P wave for
the lony=pertiod waved, au compared to the short-period ones,
Pleure 1.1 clves the A/T values of P. for the underground
explouston ot Novaya .emlaya on Oct, 27, i906. The circles
correspond Lo the maximum volue of A/T in the first three
cycles of the P motion, as obtained from the short-period
AASSN seismojrams. The crosses correspond to the A/T value
of the first half-cycle of the P motion as recorded by the
long-period WWSSN sclsmosriphs. The solid line 18 the ex-
pcoted value ol /T, based on Gutenber; and Richter's (1996)
magnitude :hart, for my = 0.4, Note that in general there
is more scatter amor,, the short-period values than the long-
period onez. There are three anomalously large values of
the long-period data between 650 and 700. These anomalous
amplitudes, which are from stations on islands in the western
Pacific, will be discussed later.

Similar examples can be given for LAS/, with large
variations in short-period P wave amplitude across the array
(Broome et al, 1967, fig. A-1) but practically no variations
in long-period P wave amplitudes across the array (Syed, 1969).

Ben-Menahem,et al (1965, fig. 9) gave the impulse re-
sponse of a long-period, vertical component seismograph system
(Tg = 30 sec., Tg = 100 sec.) to an incident P wave for a half-
space model and five models including a layered crust over a
half-space. The crustal models include extreme types, such

as thin oceanic and thick mountainous ones. For these two



extreme models the P wave t'lrst halt amplitude was 1.5 to

2 times larger than that of the half-spuce (0.0 to 0.3 of an
order of magnitude) whereas r'o: the other three models the
amplitudes were almost the rame ar for the hasf-space. This
figure not only helps to uvxpluln the three cnomelously large
amplitudes of P for the Noveya .emiy: cvent e recorded at

the island stations at distunces of uuo Lo 700, but also
serves to explain why the scatter of /T values of long-period
P waveg is relatively small.

Eune, et al (1970) note that m vilues of earthquakes as

b
determined by the U.S.C.G.S. are consistently smaller than
those determined by the seismoloj;icel stations of the U.S5.S.R.
The differences are sometimes as laryc as C.7 magnitude unit.
They believe the discrepancles are caused by differences in
the frequency response of the selsmojiraph systems, the U.S.C.G.S.
va lues being based upon data from peaked short-period systems.

A1l the reasons mentioned above argue for my determilia-

tions based upon A/T values of the first half-cycle of the
long-period P wave motion. £t present this 1s only wractical
for earthquakes or explosions with my > 6.0, because the P
waves of smaller magnitude events as recorded by WWSSN seis-
mographs (most with a peak magnification of 1500 or 3000) are
too small to be seen on the selsmopgrams. However, the new
high-gain, long-period seismographs (Pomeroy et al, 1969)
which can be operated at peak magnuifications of several hun-
dred thousand should allow P waves to be detected at tele-

seismic distances for my 2 4.0.



It 1o ¢ ommeied Lhatl, whenever possible, Lody Wi
mapnitude vajues te determined Crom Jecs-perrlod as &ell a3
shorteperict P wave data. The long-pericd magnitude might
be talled my, to distingulsh it from the short-period magnl-
tude. 4 sel of alatistics should Le wsccumulated, relating

my to "3 and also comparing; the standard deviation of mp tO

that of m,. It is expected that the mB-HS relation will

not show such o siron, reyional dependence as hos been found

for the my-M; relution., Purthermore, it is expected that

the stundard deviation of Mg will be less than that of m, .
In magnitude determinations the «ffect of attenuation

on the P wave amplitude appears in the Q te™m, where

Ly O Q(A,h) + log A/T

and A 1is epicentral distance, h focal depth, A the amplitude
of the ground motion and T its period. All selsmologists,
except those in eastern Europe and the Soviet Union, presently
use the Q values given by Gutenberg and Richter (1956) for
teleseismic distances. For smaller distances Evernden (1967)
has shown that lateral variations in crust and upper mantle
structure are large enough so that different Q functions are
required for different geovraphic regions at distances less
than about 2500 xm. Soviet seismologists use the Q function
of Vanek et al (1962) for their m, determinations. Recently
Duda (1970) has presented a new set of Q( A ,h) values for P
waves, based on the assumption that the P wave attenuation

is caused only by geometrical spreading (effects of anelas-
ticity are negligible) and utilizing the 1968 P Travel-Time
Tables of Herrin et al (1968).



Pig. 1.7 compares A/T values of the vertical component
of P for an event with my = 0.4, usin; the Gutenberg-Richter,
Vanek et al and Dude Q functions, as well as a fourth de-
rived from the Jeffreys-Bullen travel-time tables. All the
curves were made to coincide at 60°. The greatest differ-
ences between the scurves occur from about 250 to 45°, where
they can be as large as the equivalent of (.5 maynitude unit.
Between 45° and 95° the differences are smaller, never exceed-
ing 0.3 magnitude unit and more commonly about 0.1 unit,

If sufficient data are avallable over a large range of
epicentral distances, all four calibration functions will
give approximately the same magnitude for a given event.
However, 1f only a few amplitude data are avallable and par-
ticularly i1f they are at distances less than 450, then the
choice of the callbration function will have a greater effect
on the computed body-wave magnitude. The question thus
arises: Which of the various magnitude calibration functions
1s closest to the one that applies to the real Earth?

Gutenberg and Richter's Q function is based on theoreti-
cal calculations using theilr travel-time tables, the calcu-
lated values then belng modified to conform better to actual
amplitude data. There 1s a very large amount of scatter
present in the amplitude data they used (see, for example,
Gutenberg, 1958, fig. 1), so much so that the existence of
the majority of maxima and minima in the curve seems ques-
tionable. The amplitude data also scatter widely about the

Q curve of Vanek et al (Bune et al, 1970, fig. 7). These



authors, however, elected to construct a more smooth, mono-
tonically decreuasing amplitude-distance curve; an exception

to this statement 1s a shallow minimum in the curve between
630 and 700. The amplitude-distance curves calculated from
the smoothed Jeffreys-Bullen and the Herrin et al tables
(Duda, 1970) also are generally monotonically decreasing
functions of distance; exceptions occur where there 1is a
greater than average curvature of the travel-time curve (large
amplitude) or a lesser than average curvature (small ampli-
tude).

Nuclear explosions, with their almost symmetrical P
wave radiation pattern, have been recognized to be a valu-
able source of data for improving the Q function or the
amplitude-distance curve. Carpenter et al (1967) and Kaila
(1970) constructed such curves using A/T values of short-
period PZ waves from large underground explosions. In gen-
eral the scatter in their data is large, which can best be
seen by comparing the two radically different amplitude-
distance 1rves which they derived as best fitting the data.

To avoid the problem of scatter which appears to be
inherent when using short-period amplitude data, we have
measured A/T values of PZ recorded by long-period WWSSN
seismographs for underground explosions at Novaya 7Zemlya
(Oct. 27, 1966), Nevada (GREELEY, Dec. 20, 1966 and BOXCAR,
Apr. 26, 1968) and Amchitka (MILROW, Oct 2, 1969). Fig. 1.3
presents the data. In it the MILROW values have been scaled

down by 0.5 magnitude unit to make them comparable to the
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values for the other three explosions, all of which are
taken to have a body-wave magnitude of 6.4, The bigger
A/T values of MILROW are caused not only by larger ampli-
tudes, but also by shorter periods. Crosses, circles and
triangles serve to distinguish data from Novaya Zemlya,
Nevada and Amchitka, respectively. Small symbols indicate
less rellable values, resulting eilther from the presence
of microseismic nolse or the fact that the trace amplitude
of PZ was less than 0.8 mm. Fivc data points with anoma-
lously large A/T values have been omitted from the figure.
Two curves are included, the one the Gutenberg-Richter for
my = 6.4, the other a curve drawn more or less intuitively
as a "by eye" fit to the data. Differences between the
two curves are greatest from 40° to 700, where they are

as large as 0.4 magnitude unit.

Both amplitude curves of Fig. 1.3 are empirical ones
which have been constructed 1n a rather arbitrary manner.
To this point in the discusslon they have not yet been
subjected to the constraints imposed upon them by the
travel-time curve.

For an event with zero focal depth, the amplitude A

beneath the station 1is

A=C \j\di/dlx |tan 1/sin A"

where C 1s a constant, 1 1s the angle of incldence at the
focus and 0 the epicentral distance. The earth model is

assumed to be spherically symmetric and the effects, if any,
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of anelasticity are ignored. The amplitude Kz of the verti-

cal component of the surface P motion 1is related to A by
r) = Acos 1

where T 1s the apparent angle of incidence at the station.
Nuttli (1964) experimentally determined the relation of 1
to A for P waves of various periods.

The slope of the travel-time curve, dT/dA , for a sur-
face focus is

dT/dA = r sin 1/v

where r 18 the radius of the earth model, v the velocity and
1 the angle of incidence at the surface.

The three equations above provide implicit relations
between the dependent variables A, 1, dT/dA and the inde-
pendent variable A . Because the dT/dA vs A relation for P
waves 18 known with a hizh degree of tccuracy, the 1 vs A and
IZ vs A relations are severely constrained. For example, it
was found by calculations based on the above equations that
the amplitudes of both empirical curves of Fig. 1.3 are too
large between about 35° and 450. As drawn they would imply
errors of up to five or more seconds in the travel-time curve
at those distances, which 1s obviously not acceptable.

Detailed calculations show that much of the "topography,"
that 1s, the existence of pronounced maxima and minima in
the amplitude-distance curves of Fig. 1,3, 1s not compatible
with the Jeffreys-Bullen or the Herrin et al P tables. From
this it follows that the Gutenberg-Richter magnitude calibration



function for zero focal depth is inconsistent with observed
travel times.

A trial and error method was used to calculate an ampli-
tude-distance curve which satisfied the travel-time tables
(maximum permissible difference of one second) and, as well
as possible, the amplitude data of Fig. 1.5. From this curve
a Q magnitude calibration function was calculated and tabulated.
Its values are given in Table 2.

Fig. 1.4 compares the new Q function with those of Guten-
berg and Richter and of Duda. 1In general it agrees well with
Duda's, their separation beilng everywhere less than or equal
to 0.1 magnitude unit except from 27° to 28°, where it is
about 0.2 unit. Differences between the new Q function and
that of Gutenberg and Richter are larger, being as big as
0.2 magnitude unit from 37° to 44°, 47° to 48° and 62° to
69°. The general shape of the new Q curve, or the related
A/T curve, conforms with Duda's assumption that the effects
of anelasticity are small compared to those of geometrical
spreading.

Table 3 gives magnitudes of four underground explosions,
using the amplitudes of PZ recorded by long-period WWSSN
seismographs. Magnitudes were calculated using the new Q
function and that of Gutenberg and Richter. For three of
the four events the body-wave magnitude calculated using the
new Q function has a slightly smaller standard deviation.

For the fourth event, BOXCAR, the standard deviations are

the same.
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Table 4 compares magnitudes of two Aleutian earthquakes,
using amplitude data of Syed (personal communication) which
have been corrected for focal mechanism. Average magnitudes
and thelr standard deviations are given, for magnitudes cal-
culated using the new Q function as well as those of Duda and
of Gutenberg and Richter. From the table it can be seen
that the average magnitudes and standard deviations obtained
using the Duda and new Q functions are the same, and they
differ only slightly from those based on the Gutenberg-Richter
Q funiction.

Summary

The purposes of this paper are to examine the factors
which cause problems in body-wave magnitude determination, to
assess their relative importance and, 1if possible, to suggest
means of reducing the errors in such evaluations.

Three principal factors which can cause such prroblems
are the azimuth-dependent radiation pattern of the earthquake
source, the effects of crust and upper mantle structure at
the station and an inexact knowledge of the magnitude cali-
bration function.

The new magnitude calibration function which has been
developed in this study differs so little from that of Duda
(1970) that the two may be considered to be the same. They
are believed to be an improvement over the Gutenberg-Richter
(1956) function because they are more consistent with observed
travel times. The latter function will underestimate My, by
about 0.2 magnitude unit between 37° and 44° and overestimate

it by about the same amount between 62° and 69°. Otherwise
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the three calibration functions will give almost the same
value of my.

Ignoring the effects of the focal mechanism of earth-
quakes can lead to discrepancies as much as 0.5 magnitude
unit at particular stations, depending upon the radiation
pattern. However, Syed has developed a stralghtforward
method for taking account of this phenomenon which 1s readily
adaptable to routine calculations, so that thils problem can
be said to be nearly solved.

The biggest source of error 1in my, determination is the
effect of the crust and upper mantle structure at the station.
For short-period P waves it can cause errors of as large as
one magnitude unit at particular stations. Unfortunately the
station correctisn 1s a complicated function of epicentral
distance, the frequency content of the incident wave, the
geological structure at the station and the azimuth of wave
approach if there 1s lateral heterogeneity in geological
structure near the station. Probebly the only way of arriv-
ing at station corrections for short-period data is on a
statistical basis, which 1s a formldable task. However, the
use of long-period P data would avoid many of these diffi-
culties. For such data the largest error to be expected at
a particular station because of crustal structure is only
about 0.3 magnitude unit. Furthermore, because the effect
of the crust and upper mantle structure on the amplitude of
long-period P waves requires but a coarse knowledge of the
structure, simple calculations can be made to estimate this

effect at individual stations.
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By using the first half-amplitude of long-period P, after
correcting it for crustal structure and focal mechanlsm,
better estimates of body-wave magnitude can be expected. It

seems likely that the standard deviation of m_, can be made as

B
small as 0.2 and possibly 0.1 magnitude unit,
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1
! Table 1. KAZAKH EXPLOSIONS

STA. /) Jan,15, 1965 " March 20, 1966 im)
AM 86,9 6.13 5.86 0.27
ALQ 95.7 5.67 5.64 0.03
ATL 95.7 5.96 5.88 0.08
BEC 92.0 - 5.77 -
BKS 9C.9 5.85 6.06 0.21
BLA 91.3 5.71 5.77 0.06
BOZ 84.6 5.99 6.17 0.18
CMC 62.3 6.04 6.19 0.15
COL 60.1 6.52 6.38 0.14
COR 84.3 6.51 - -
DAL 97.6 6.33 - -
DUG 90.3 - 5.92 -
FLO 91.5 5.72 5.5T 0.15
GDH 56.0 - 5.98 -
GEO 89.0 6.02 5.76 0.26
GOL 91.0 5.87 5.89 0.02
Gsc 9U.T 6.02 5.88 0.14
JCT 100.1 - 5.59 -
LON 82.4 - 6.07 -
LUB 97.1 - 6.16 -
MDS 86.6 6.20 6.22 0.02
MNN 85.4 5.98 - -
0GD 86.4 5.71 - -
OXF 95.6 6.20 6.23 0.03
RCD 86.7 5.98 6.09 0.11
SCP 87.3 - 5.81 -
TUC 98.0 5.59 5.48 0.11

Average 6.00 + 0.26 5.93 + 0.24 0.12



20
21
22
23
2u
25
26
27
28
29
30
31
32
33
34
35
. 36
37

39
4o

41
42
43
a4y
45
46
u7

Table 2.

Q
6.21
6..3
6.26
6.28
.32
.37
44
.63
.76
.78
77
.72
Tl
P!
T
P!
LTl
.03
.65
.65
.65
6.65
6.65
6.65
6.€5
6.65
6.65
6.65

O O OO O OV OO OV OO O O

O O O O O O

(o))

Q Values for PZ (Zero Focal Depth)

[AY
46
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
T2
73
70
75

Q
6.67
6.69
6.71
6.75
6.78
6.80
6.82
6.79
6.76
6.74
6.72
6.73
6.75
6.76
6.78
6.79
6.81
6.83
6.85
6.85
6.83
6.81
6.80
6.81
6.83
6.85
6.86
6.86

A
76
T7
78
79
80
81
82
83
84
85
86
87
88
89
90
9l
92
93
94
95
96
97
98
99

100

Q
6.86
6.86
6.86
6.86
6.87
6.87
6.88
6.89
6.90
6.91
6.92
6.92
6.93
6.94
6.97
7.01
.06
11
.15
.20
24
.29
.34
.38
A3

N NN N NN NN N

18
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Table 3.

Location

Novaya Zemlya
Nevada (GREELEY)
Nevada (BOXCAR)

Amchitka (MILROW)

my from Long-Period PZ (Explosions)

Date
Oct. 27,1966
Dec. 20,1966
Apr. 28,1968
Oct, 2,1969

;)

New Q
6.44+0.19
6.35+0.19
6.32+0.26
6.87+0.20

;)
Gut-Rich.qQ

6.49+0.23
6.38+0.23
6.35+0.26
6.94+0.27

No.
of

Sta.
46
29
28

14
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2. Effect of Reglonal Correction on the Value of L
Atliq Syed

Discrepancies 1n magnitude determination are known to
result in part from the effect of the earthquake radiation
pattern on the recorded wave amplitudes. The purpose of the
study reported here 1s to obtain a quantitative estimate of
the effect of the radiation pattern on P wave amplitudes and
to develop a methodology for improving body wave magaltude
determinations. The results of the study may also be used
as an auxiliary discriminant between earthquakes and explo-

sions.

Correction for Mechanism
The P wave displacement at the surface of a focal sphere

of radius R for a double couple polint source 1s given by the

_ _2xy ‘(+- B
Yp = 4T pa> R? K(t °‘> (1)

expression

If for a glven earthquake the observed P wave amplitudes
are divided by the product 2xy the P amplitudes will be
corrected relative to the maximum value of the P wave radia-
tion. For magnitude calculations in keeping with the assump-
tions made in the definition of magnitude, a further normal-
ization 1s required, a reduction of the P wave amplitude to

the average value of the displacement of P over the surface
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of the focal sphere. This average amplitude is obtained

from he relation

- _ }.Z.XQ/clS _

ovr

Uy = 0.424 (up)

max.

Thus, the total reduction of P wave amplitudes to take into
account includes first the application of the 2xy factor and
second multiplication by 0.424 to equate the P wave radiation
from a double couple to that from a spherically symmetric
source of the same strength.

It has long been observed that earthquake foci located
in a given region tend to have similar orientations of the
focal mechanism. This observation 1s in kecping with the
theory of plate tectonics. Plate tectonics, in turn, provides
& basis for prediction of the dominant focal mechanism., On
the hypothesis that characteristic foci do exist for given
hypocentral regions, P wave amplitudes can be corrected for
the source mechanism and thereby magnitude estimates can be
obtained which have smaller standard errors.

A procedure for applying the source mechanism correction
is as follows:

l. Given the source parameters for a typical earthquake
in a particular hypocentral region, compute the 2xy factor
for all seismograph stations.

2. On the basis of this factor, predict which stations
will record relatively large P wave amplitudes for earthquakes

for the region in question, and which relatively small.



3. Select ¢.c Vo BT =unlitudes are
best sulted . . o 20 =irvaguakes from
that region. . - . .. o+ ...=:tilon ¢l stations
might be

a) St..'. .. ... i, e . lcentral distance
- &% < \C
b) Th Seot ..+ .1 be ysreater than the
Ty 2RIUS, 0005

The latter criteric: insures that the P wave amplitude be
relatively large, but .50 that small differences between the
actual source mecha:l... anc t.r averdge W& osraricteristic
mechanism of the regicn will h=ra fi"f"J;‘Ef?QCL on the re=-

duced amplitudes.

I3

L He .. .o, L oL : v .~ . " _a»ger than

the nor-...zt . - "+~ ... t.. Lt Iy, the magni-
tude determinac.ons will bYe (00 lasoge. 1t 1s sossible to
correct Ior iie - iect by su.iracilag trom he Intulal my

value the j.i.l. Cos (0xy /424, wlere 2 ¥ 7 %s the aver-
age value cf .x; 11 5-atlons with zxy greater than 0.424.
There is a constant correction to be applied to all earth-
quakes 1in any particular geogsraphic group. It 1s called the
regional correctlon {factor. In practice va_ues of this
correction in the regi:ns studled thus [ar are found to vary
from 0.1 to 0.2% of a magnitud. unit.

5. If i<zirable, 1nstead of the required correction an

individual mecnanism correction may Ye applied by subtracting

the quantity iog (2:y/.4ck) determined at each station. This
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correction is applicable even to stations at which 2xy —<,424,
provided the 2xy factors be not too small. That 1s, stations

very near nodal lines should always be excluded.

Application

In order to test this suggestion and to exemplify the
order of magnitude of the corrections involved, earthquakes
from two regions have been studied: earthquakes of the
Aleutian Islands, and ones of the North Atlantic. Earth-
quakes of the Aleutian Islands (Figure 2l1) divide into three
groups on the basis of their source mechanism as determined
by Stauder (1968a,b). Similarly those of the Atlantic divide
. into two groups (Sykes, 1967). For each group we can calcu-
late the average or dominant sourcé mechanism, and then apply
the various corrections indicated above.

1. Earthquake of March 30, 1965.

This earthquake belongs to group 3b of the Aleutian

Island earthquakes. This group consists of earthquakes
whicih occur along a2 narrow line immediately below the axis
of the Aleutlan trench or under the seaward slope of the
trench., FPFoci of this group are uniformly extensional in
character, with the axis of tension aligned normal to the
local axis of the trench. The average focal mechanism for
earthquakes in this group 1is characterized by two nodal
planes dipping about 40°-50°.

For my determinations the amplitudes and periods of
the first half-cycle of the vertical component long péridd
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P waves were tne basic datu. The 200 ¢ cveoace determined
and 1listed 1n Table 1 alony witio t™ .2 d-se2r~aned the
ordinary way (mp unccorec... S L. . ozret fer small
2xy factors the mp values .r. . «.... “r.n J0or the larger
2xy factors. The a'erags .o Torz2ni: zoii’72de using the
data of all 37 staticns "¢ 7.cF - U.-L. Jne average my value
for all stations wi = Zxv > T.: 10 7.5 - 0,15, The aver=-

age value for staticns with 2xy .« O 424 48 7.03 + 0.17.
Applying the regional focal mechanism correction for all
stations with 2xy > 0.424, my = 7.12 + 0.15. Finally, cor-
recting for indiv.iuual statlon focal meclrénism corrections
we obtain for all staticns my = 7.13 4+ C.1.. These results
are summarized in Téable 2.

It i1s notewort. .y ~ha: using == tions with 2xy > 0.24
and applyl:.; the ccrnstanz reis . sraction, the mp value
is very clns2 to that 7»om 111 the ecietions using the indi-
vidual mecheénism correctionz, This v:2°d seem to Justify
using for .:ignitide determinations only “hose stations for
which 2xy . > C.%:-. 0ae may, in feéct, in this way define
zones on the 2a»sh's :irface, identifying stations (solid
circles ir rigure 2.2) favorable for mp determinations, and
others (crosses in the'figure) to be avoided in magnitude
determinationc.

2. Earthquake of November 22, 1965.

This earthguake belongs to group 1 of the Aleutian
Island earthquakes. This group conasists of foci on the

concave side of the island arc, in the zone immediately
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south of and under the island chain. Focal mechanism sta-
tions in this group have one steeply dipping nodal plane,
with the other nodal plane nearly horizontal. Many stations
in this case are close to the nodal plane. Consequently the
number of stations sultable for F wave magnitude determina-
tion was much smaller than in group 3b. The average uncor-
rected magnitude using the data of z2ll 1G stations 1s
6.20 + 0.24. The average m, for all stations with xy larger
than 0.424 corrected for the regional effect 1s 5.99 + 0.22.
The average my, of all stations whose amplitudes have been
corrected for the source mechanism is 6.00 + 0.26.

3. Earthquake of August 3, 1963.

This earthquake belongs to group 1 of the North
Atlantic earthquakes. The events in this group are located
on the equatorial fracture zone of the mid-Atlantic ridge.
The mechanism of these earthquakes correspond to two near
vertical nodal rlanes. Consequently, the 2xy factors calcu-
lated for a typical earthquake in this group at all the sta-
tions at a distance of 25-100 degrees are smaller than 0,424,
which is the normalizing factor. Consequently it 1s not
possible to satisfy the second criterion in selecting the
stations suitable for P wave magnitude determination. Depart-
ing from this criterion, we have selected those stations
whose 2xy factors calculated for the average focal mechanism
solution are larger than 0.2 and established the appropriate
regional corrections. Since the uncorrected P wave magni-

tudes using the data from these stations will be too low,



the regional correction has to be added to the average mag-
nitude value. The results of the my calculation for this
earthquake show that the average uncorrected magnitude using
the data of all 31 stations 1is 6.51 + 0.29. The average my
for 15 stations whose 2xy.factors are larger than 0.2 cor-
rected for the regional effect is 6.67 + 0.20, the average

my, for the same stations whose amplitudes have been corrected

for the source mechanism is 6.73 + 0.18.

Conclusions

From this study it can be concluded that a significant
part of the scatter in the determination of earthquake magni-
tudes is due to the effect of the earthquake radiation
pattern on the recorded P wave amplitudes. The correction
for the focal mechanism becomes more important when the
focal mechanism solution is one in which one or both nodal
planes are steeply dipping. In these cases the average mag-
nitude determined by using the uncorrected P wave amplitude
data may be in error by as much as a quarter of a magnitude
unit.

Since the observational data here examined have shown
that the average my for stations with smaller 2xy factors
is significantly smaller than the average mp for stations
with larger 2xy factors, there exists a possibility of com-
paring the values of uncorrected my, from these two sets of
stations in a region where the average focal mechanism

solution is known to differentiate between the earthquakes



and explosions. The radiation pattern due to the explosive
source being azimuthally uniform, the tvo sets of my values
should be identical for explcsion &nd édifferent for the

earthquake.
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Table 1. Earthquake of March 30, 1965.

Sta. Dist. 2xy mp (uncorr) m,(corr)
LON 39.0 0.250 6.88 7.11
CMC 36.2 0.256 6.89 7.11
KIP 34.7 0.278 7.03 7.21
DUG 48.1 0.322 7.02 T.14
GUA 45.6 0.322 6.79 6.91
RCD 51.5 0.338 7.08 7.18
GSC 49.8 0.346 7.06 7.15
GOL  52.9 0.352 7.4 T.22
RAB 58.9 0.356  7.09 7.16
HNR 61.8 0.360 7.30 7.37

- TUC 54.4 0.382 6.93 6.97
LUB 59.0 0.422 6.88 6.88
MDS 59.4 0.424 T.37 T.37
FLO 62.2 0.448 7.34 7.32
AAM 63.4 0.466 7.25 7.21
SHA 69.3 0.506 T.57 7.49
WES 69.5 0.532 7.05 6.95
RIV 87.3 0.594 7.50 7.35
TAU 96.9 0.624 7.23 7.06
KTG 58.4 0.636 7.57 7.39
ADE 91.9 0.638 T.42 7.25
BHP 91.0 0.642 7.35 7.17 .
QUI 98.8

0.646 7.17 6.99



Table 1. (cont'd)

Sta. Dist 2xy m, (uncorr) my(corr)
CAR 97.3 0.564 7.20 7.00
TRN 100.3 0.672 7.13 6.93
VAL 77.6 © 0.674 7.33 7.07
MUN 98.6 C.71i4 T7.40 7.18
HKC 56.5 0.744 7.25 7.01
KEV 58.1 0.780 7.43 7.16
KON 69.7 0.804 7.26 6.99
PTO 88.5 0.826 7.26 6.97
cop 73.4 0.834 7.28 " 6.99
TOL 89.9 0.844 T7.52 7.22
MAL 93.0 0.85C 7.17 6.87
STU 80.5 0.656 7.26 6.96
KOD 88.7. 0.952 7.61 7.26
JER 91.6 G.966 7.51 7.15



Table 2. Average mp values, March 30, 1965.

Uncorrected
A1l stations (n = 37) mp = 7.34 + 0.21
For 2xy < 0.42 (n = 13) mp = T7.03 + 0.17
For 2xy » 0.42 (n = 24) mp = 7.34% + 0.15
Corrected |
Regional corr. (n = 24) my, = 7.12 + 0.15

Individual mech, corr. (n = 37) mp = 7.13 + 0.16



Table 3. August 3, 1963 Earthquake

Sta. Dist. 2y a1, uncorr) .mp(corr)
NAI 36.5 C.030 6.42 7.56
BOG 38.2 C.020 5.50 6.57
KON 62.1 C.0EC 6.76 7.60
NUR 69.1 0.062 6.73 7.56
BUL 59.1 0.068 6.41 7.20
VAL 48.8 0.072 6.73 7.50
AAE 73.7 0.074 6.75 7T.51
PRE 70.5 0.084 6.52 7.22
CAR 30.9 0.104 6.05 .66
QUI 43.3 0.111 B0k, 5.99
WIN 59.9 0.12k .80 7.33
TRN 25.4 0.128 5.28 6.90
IST 66.0 0.154 6.75 7.29
ATU 61.4 0.180 6.93 7.30
BKS 82.5 0.194 6.17 6.51
asc 78.4 0.198 6.32 6.66
TUC 73.3 0.212 6.33 6.63
LON 81.7 0.214 6.16 6.46
TOL 42.8 0.226 6.65 6.92
DUG 75.2 0.234 6.34 6.60
ALQ 69.8 0.242 6.53 6.77
MAL 40.6 0.252 6.70 6.92
GOL 69.4 0.260 6.45 6.66



Table 3. (Cont'd)

Sta. Dist oxy my (uncorr) my(corr)
LPA 47.3 0.266 6.97 7.17
NNA 45.3 - 0.268 6.61 6.81
RCD 68.5 0.276 6.39 6.58
SHA 53.9 0.312 6.70 6.83
FLO 57.9 0.322 6.45 6.55
AAM 54.4 0.366 6.61 6.57
GEO 48.4 0.398 6.67 6.69

SCp 49.8 0.398 6.69 - 6.72



Table 4. November 22, 1965 Earthquake

Sta. Dist. 2xy m, (uncorr) my(corr)
PMG 66.8 0.124 5.94 6.47
CTA 77.0 ° 0.130 5.83 6.34
MAN 59.2 0.608 6.50 6.35
BAG 58.2 0.628 6.23 6.06
HKC 57.7 0.730 6.15 5.92
TOL 89.0 0.788 5.85 5.58
CHG 69.8 0.798 6.00 5.72
KOD 89.6 0.816 6.51 6.22
HOW 73.5 0.858 6.38 6.08
POO  85.2 0.860 6.45 6.15
KON . 69.0 0.862 5.98 5.67
SHL 69.1 0.862 6.11 5.80
JER 91.5 0.886 6.14 5.82
IST 84.5 0.890 6.05 5.73
SHI 86.9 0.904 6.49 6.16
NDI 75.3 0.904 6.28 5.95
QUE 79.6 0.914 6.16 5.83
TAB 82.0 0.916 6.17 5.8
LA 4.7 0.920 6.63  6.30



Earthquake of November 22, 1965

Av. my (uncorr) = 6.20 + 0.24

Av. m, (uncorr) for 2xy > 0.42 = 6.24 + 0.22

o

Av. my (corr for regional effect)for
2xy > 0.42 = 5,99 + 0.22
Av. m, (corr for focal mech) = 6.00 + 0.26

Earthquake of August 3, 1963

Av. my (uncorr) = 6.51 + 0.29
Av. my (uncorr) for 2xy > 0.20 = 6.55 + 0.20
Av. mp (corr for regional effect) for

2xy > 0.20 = 6.67 + 0.20

Av. m_ (corr for focal mech) for

o

2xy >0.20 = 6.73 + 0.18

19
17

17
19

15

15

15
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Titles to Figures

Figure 1. Earthquakes of Aleutian Island region divided
into three groups: 1) earthquakes under the
islands, western portion of arc, 2) earth-
quakes under the islands, eastern portion of
arc, 3a,b) earthquakes with foci under the
trench,

Figure 2. Map indicating stations unfavorable (x) and
favorable (8) for determination of m, for
Aleutian Island earthquakes of group 3a.

Figure 3. Map indicating stations unfavorable (x) &nd
favorable (@) for determining m, for Aleutian
Iéland earthquakes of group 1.
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Nu-lear Yiclds f'rom Raylelyh Waves

o
.

Donald E. Wagner

Introductlion

surfate waves are a tunction of the depth of burst,
the time history of the cevent, and the wave gulde throuyh
whi'h they oropagate. For nuclear explosions the depths
vary only between (-1 kilometer while the time history is
assumed ronstant. Therefore, the wave gulde is left as
the l'actor controlling the observed Rayleigh wave signa“ure
at a ,iven station. Furthermore, unlike body waves, which
are atf'tected conaiderably by the source medium, Rayleigh waves
are a tunction of the average velocity and density in a layer
or wave ,;ulde. Thus, they are much less susceptible (o in-
homogeneitles or veloclity ccr.trasts both at the shot point
and along the path. The distinct similarity of nuclear events
at a station (see for example Fig. 2, Shurbet, 1969) en-
couraged the autnor to attempt a prediction of yleld based
on Rayleigh wave amplitudes.

In a recent release (Hizsins, 1970), several nuclear
explosions were declassified, offering a 1ist of known-yield
events observable at continental WWSSN stacions. The follow-
ing study applies a revised (Nuttlil, 1970) surface wave
magnitude formula based on maximum ratios of A/T from Ray-

leigh waves at all stations to develop a yleld versus Ms

(average) master curve for seven known energies. In a
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further attempt to recduce dissimllarities owing to different
wave guldes, maximur +/7 ritios were plotted as a function
of yleld at el nt sl .ouluns, ALl in all, nine master
curves were plottaed f'rox wolon eleven unknown ylelds were
predicted.
Procedure

The Richter . :lace wave rormule Mo = 5.1 4 log (A/TEO)
+1.66 1oy ( &) wus Joun? Lo gyree gquite well with M', =
2.4 + loy (A/T, 1o St 1o (AN). Moreover, the 1.66
value was verified by .reasurin: the slope of (A/T)rnx versus
[&(log-log) for el,...cen dirferent events, No attempt was
made to measure the sie perlod wavelel at different statlions.

The resulting spre:2 _n perlods ranced from )-12 seconds vut

remained relative.: _.:nstent ¢t a ,:lven station for all

evenis. Next, averaye surlace wave ma,nitudes were ¢ . .-
lated using M'g from :vallatle n entul WWSSN statlons
(Table 1). A master .. ‘.. w:: .raws u .o known ylelds ver-
sus M'_ (avg) (Pigur - SVt Ly, ’_/’I‘)max ratios versus

krown y2Zc1ld were p.otted for el;:ht silations (Fijures 5.z -
3.10). Prom the resulting nine muster :urves, eleven unknown
yiclds were predicted and tanuleted in Tutle o
Conclusions

A revised surface wave formulia appears Lo be borne out
Ey experimental Jata when resuits are bvased on muximum 4/T
ratios. Using these ratios, the yirlds of cleven Nevada
Test Site nuclear events were predi! - ted. The results in
Table 2 indicate that the events bUXI: i« P?ILY DRIVER, DURYw/,

CHARTREUSE, and SCOTCH are predicted wilul: ilhe error bounds



ot on stundurd deviation., However, HALFBEAK 1s overestimated
while GRbler 16 underestimated. Clearly, the majority of
Known yield events are predlctable; nothing can be inferred
t'rom the predictions ot unknown ylelds until further declas-
sirlcution is tortheoming. The set of master curves (log-log)
are somewhuat inconcluslive below 100 kiloton where tne straight
1ine appeurs to curve concave downward. A possible inter-
pretation would be un increase of seismic efficlency with
iecreasing, yleld. That 1s, less energy would be utilized

in inclastic processes such as rock vaporization, plastic
r'low, and crushin,g; and cracking rock material in the near
source region. The semi-los master curve tends to relinforce
this hypothesls by showlny increased curvature 2t high ylields
or less elf't'icient seismic couplin,.

In the ruture, a «knowled,;e of more ylelds in the 40-1000
kiloton ranye would ¢reatly enhance the resolution of the
master curves especially near the change of slope which ap-
pears between 60-100 «kilotous.
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Table 1
EVENT FAULTLESS GRISLEY HALFBEAK COMMODORL
Date 1-19-68 12-20-0% 0--0-06 H=20-07
Ms 5.033 + .14l L2214 00 +.obl + .130 4.hoe + 207
Number of )
Stations 20 1o 14 15
EVENT BOXCAR DUMONT Piiw DHIVish BUFF
Date 4-26-6b 5=19-bb NSRBI le-16-65
Mg 5.329 + 167 4.219 4 .1 s Tob 4 L1300 3,553 + 104
Number of
Stations 16 19 1% 9
EVENT CORDUROY BRONZi TAN PIRAHNA
Date 12-3-6% T-2 404 o= y=tn H-1-60
Mg 4.185 £ 148 s bos - LeTo 9w+ L1080 3,971 4,126
Number of
Stations 16 2L if i7
EVENT DURYEA NOGGIN PURSE CHARTREUSE
Date 4-14-66 Qe =t ==L Heb-0n
Mg 3.820 # L1384 4ol -oL0n wdid 1 20T 5.90b + L 2be
Number of
Stations 20 1- X 16
EVENT SCOTCH KNTORE (r Thi
Date 5=-23-07 ==t
Mg 4,467 + 240 a.lab s Lo
Number of

Stations 16 1l
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4, Amplitude Equalization of P-wave Spectra from
Underground Nuclear Explosions Recorded at
Teleselsmic Distances,

by Theron J. Bennett
Introduction

On the basis of body wave magnitude the twelve largest
undergrouad nuclear explosions to date were selected. It
was later found that of these twelve only eight gave usable
records on lcng-period instruments at epicentral distances
greater than 20°. These events along with avallable informa-
ticn on times, coordinates, and assigned body wave magnitudes
are presented in Table 1.

For each event, the long-period, vertical seismograms
from all the stations in the U.S8.C.G.S. World Wide Network
were scanned and those with good signal-to-noise ratios
were selected. The restriction of epicentral distances to
ranges greater than 20°, in an effort to reduce crustal
complications, does not leave many stations with good signal-
to-nolse ratios even for the very large events considered
here. Those stations giving usable recordsAare listed for
each event in Table 1. These stations range in distance up
to 80o for some events with a number of South American sta-
tions recording especially good signals from the Nevada Test
Site explosions.

Method of Amplitude Equalization

The spectrum of the recorded P-wave signal can be rep-

resented, following the method of Ben-Menahem et al (1965),
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as the product of the source spectrum and a series of trans-
fer functions corresponding to various segments of the trans-

mission path.

Alw) = H, o Hegr My H e § (1)

where Hyy, Hpes HMs and HSC represent the transfer functions
of the recording instrument, receiver crust, mantle, and
source crust respectively.

The instrument response function following Kisslinger

(1967) 1is given by:

m w)

H, (s j[(u*-u:)(w-u;)"((.U.Un"""“'jt . (2)
NTRT TR WDy PUNCEY) o b

where w, and W,; are the natural (angular) frequencies of

the seismometer and galvanometer respectively, m is a con-

stant factor dependent on the peak magnification of the system,

{and 4, are damping factors, and € 1s the coupling factor.

The values for these constants at stations in the World Wide

System are provided by the U.S.C.G.S.

The transfer function for the receiver crust was deter-
mined using a computer program based on the Haskell-Thompson
method for the crustal structures at each station provided by
Teng (1968) and Steinhart and Meyer (1961). The response of
the source crust for models of the Nevada and Aleutian test
sites were found by applying the procedure developed by Fuchs

(1965) for an explosive point source in a layered crust. A

typical transfer function for the NTS crust model given in
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Table 2 is presented in Figure 4.1 for a takeoff angle of 35°.

The mantle response (cf. Teng (1968)) is represented as
the product of the frequency independent geometrical spread-
ing and the anelastic attenuation which is a function of

frequency:

H"(w)- G =« exp {'%':{!ﬁr‘;lv-;)} (3)

where ds is an element of length along the ray path, Q(r) is
the intrinsic quality factor as a function of depth, and
V(r) is the wave velocity as a function of depth.

The geometrical spreading was determined from an expres-

sion given by Bullen (1963):

G- {.-.t,,.A % (,‘:-.. - ”".eo’v. j‘:.,}": (4)

for a surface focus source where r, is the radius of the
earth, A 1is the epicentral distance, T the travel time,

%* "¢/v; and e, 18 the angle of emergence of the ray at

the surface which is given by €, = cos” {-';,’:— ﬁ%} .

The travel time derivatives were obtained by fitting a poly-
nomial over 5° segments of the Herrin P tables and performing
the appropriate differentiations. This procedure 1s dis-
cussed in greater detail in the appendix.

The integral in the exponent of the anelastic attenua-
tion factor of eq. 3 - viz. :afq—:‘s'{?ﬁ - was evaluated
by numerical integration for the Q model given in Table 3 and
the Herrin velocity model. (See appendix for details).



62

Signal Processing

The P-wave signal for the long-period vertical record
was digitized at 0.2 sec intervals over a time window of
approximately 20 sec. It 1s believed that most of the P-
wave signal energy has been included and any other phases
such as PP which may arrive within tne window are small in
comparison to the P signal strength.

The mean and linear trend were removed from the data
and a Hamming window applied. The results were then put
into a Fast Fourier Transform computer program to obtain
the amplitude spectrum, which 1s defined according to the

norm:

- ecwt
F (w) _[ fit)e ot (5)

and 1ts transform pair as:

“fdo (6)

- .
fet)ye o= Flore’
R
Of course, in the case of discrete data these quantities take
on analogous forms with finite sums replacing the integrals.
Next, the effects of transmission path were removed by
inverting equation 2 and tne amplitude spectra at the source
determined for each event at each station.
Observations and Conclusions
A total of 75 P-wave signals from the eight events were
processed in this manner. A typical amplitude spectrum for
each, corrected only for instrument response, 1is presented in

Figure 4.2. An example of the steps in the amplitude-
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equalization procedure is shown in Figure 4.3, and the source
spectra for the eight events of Figure 4,2 are -resented in
Figure 4.4, Amplitudes in all these figures are given in

M -sec. The spectra show the followlng features:

1. Most of the uncorrected spectra exhibit a broad,
overall peak between frequencies of 0.1 Hz and 0.9 Hz. Most
of the other fluctuations 1in the spectra appear to correlate
better between events at a single station than between sta-
tions for a single event (ef. Figure 4.2). This would suggest
that these variations are either due to differences in crust
or upper mantle structures in the vicinity of the recelvers
or possibly the result of a radiation pattern in the source
region. A similar phenomenon was noted by Filson (1970)
using shorter period P-waves from Soviet explosions recorded
at array stations.

2. Removal of the recelver crust seems to have little
effect on the general appearance of the spectra though the
overall level is reduced (cf. Figure 4.3).

3. Correction for the source crust has a more drastic
effect on the shape of the curves. The trough at the low
frequency end of the spectrum is greatly reduced and in
many cases almost disappears. Also, the level of the curves
at frequencles above this notch is cut by a factor of nearly
ten (cf. Figure 4.3).

4, The most pronounced effect on both the shape and
level of the spectra 18 produced by the mantle correction.

The geometrical spreading adjustment changes the level of the
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spectrum at a gliven station and correction for anelasticity
introduces a linear trend in the semi-log plots of the ampli-
tude spectra (cf. Figure 4.3). More dramatic 1s the general
smoothing of the minor variations discussed under point 1
over the entire frequency band.

5. As one might hope, the amplitude spectra for a
glven explosion look more alike from station to station after
application of the equalization procedure (cf. Figure 4.4),
The similarity in the general level of the curves 1in the band
0.1 Hz to 0.8 Hz seems noteworthy.

6. In comparing the source spectra for different events
recorded at different stations as in Figure 4.4, there 1s no
obvious relation between the yleld of the explosion and the
level of the spectra. In Figure 4.4 1t can be observed that
throughout most of the frequency band the amplitudes for the
Greeley source spectrum determined at Caracas are higher than
those for the other events depicted desplte the fact that
the QOreeley yield 1s only 825 KT compared with ylelds greater
than 1000 KT for some of the other explosions.

7. Even when the source spectra for several explosions
are compared at a single recording site, as in Figure 4.5, the
relation of level and yleld 1is still not apparent. In this
case, the Halfbeak explosion with a yleld of 300 KT shows up
with nearly the same spectral level as the Boxcar event which
had a yleld four times as great.

8. In the spectra of Figure 4.5 minor peaks appear at the
lower end of the frequency band for all of the NTS explosions
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Neglecting for the moment Faultless which has some odd fea-
tures, the spectra for the larger events such as Benham,
Boxcar, and QGreeley seem to exhlbit multiple peaks between
0.1 Hz and 0.4 Hz wrile the spectra of the smaller events
Halfbeak and Commodore show a better developed, single peak
centered at about 0.2 Hz. Also the spectra for the larger
events have minor troughs at a frequency of 0.7 Hz which
do not show up for the smaller events. Simillar features can
be distinguished on many of the spectra at other stations.

9. At epicentral dilstances greater than about 25° the
most notable features of the spectra are the trough near
0.1 Hz and the minor trough between 0.7 Hz and 0.8 Hz.

It 1s not known at this time whether these features or
any other may be significart in analyzing near source charac-

teristics of underground nuclear tests.

APPENDIX. Mantle Transfer Function

Geometrical Spreading. The most significant cause of

amplitude diminution in body waves 1s geometrical spreading.
The theory of geometrical spreading of spherical wave fronts
is concisely presented in Bullen (1963). Iﬁ a recent study
by Duda {1970)calculations of geometrical spreading based on
the Herrin P times and Jeffreys-Bullen S times were presented
in conjunction with computations of body wave magnitude cor-
rection factors. 1In the present research some adjustments
were made on the procedure used by Duda, and these changes
along with other results which came up in connection with

these refinements will be presented here.
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The geometrical spreading can be calculated from the

relation:

G(o)s= = q%%,:A i n2tante, - 0} So’n‘f,}-'/‘ '%.l (A1)

where rg is the radius of the earth, & the epicentral dis-
tance, es the angle of emergence of the ray at the earth's

surface, N, = Te/2r, e /v » Vo the wave velocity

’
at the surface, v; the wave veloclty at the source depth,
and ri the radial distance from the source to the center of
the earth. Evaluation of G(A ) by eq. Al requires computa-
tion of the second derivative of the travel time. 1In the
calculations carriled out by Duda the first derivatives of
the travel times (dT/d&) were taken to be the time differ-
ences between adjacent epicentral distances divided by the
distance increment, and the second derivatives (d2T/d¢>2)
were found similarly by teaking the differences between valuesa
of the first derivative at adjacent points. This corresponds
to taking the slope of & stralght 1line between the two points
to be the derivative. While this technique. 1s good as a
first approximation, it did result in some instability in the
spreading curves computed by Duda, especially at short dis-
tances.

In the present analysis 1t was declded that a better
approach might be to fit a polynomial over certain segments
of the travel times and compute first and second derivatives

from that. Thus it was assumed that the travel time could
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be represented as:

Tea +a,0 +a,8%+aq,8'+  _ +q 0"

and the derivatives as:
ﬁ t a + 20,8« "3A= +..,+na, 8™

T nea
T;;" 2a,+ €a,8 *+, Lot nin-Na, B

over some range of epicentral distances. The interval upon
which the least squares fit was performed was arbitrarily
chosen to be ten points which corresponds to a 5° segment of
the Herrin tables. At first a second degree polynomial was
fitted to the data, but it was later found that a third
degree polynomial fit gave more consistent results when the
travel times were calculated from the velocity model.

In Figure 4.6 the computations, based on this procedure,
for (4T/dA vs &) and(dzT/d 62 vs & ) are presented for P
waves from a surface focus event. The angle of incidence at
the surface as a function of epicentral distance, obtained

from the relation:

~

. iy d (A2)
toe s (R 57

(where v, was taken as 6 km/sec, ry as 6371 km, and dT/d & has
units of sec/radian), is also shown.

The geometrical spreading was then obtained using equa-
tion Al and is presented in Figure 4.7 for a surface focus

event. The amplitude at an epicentral distance of 80° was
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taken as a reference and tne spreading normalized on that
value so that the results could be compared directly with
Duda's curves. (Duda had chosen this distance as a refer-
ence because 1t corresponded to a range in which hils calcu-
lations were most stable.)

In comparing the spreading computed here with that ob-
tained by Duda, the most obvious difference is the improve-
ment in stability as the new curve is relatively smooth over
the entire epicentral distance range. The overall shape
and level of Duda's curves are maintained.

Anelastic Attenuation. It has been clear from the earli-

est days of instrumental seismology that the frequency con-
cent of events recorded at near distances differs signifi-
cantly from that of the same events recorded far away. It
is now recognized that the mantle acts as a low-pass filter
for teleselsmic waves and this 1is caused primarily by an-
elastic behavior in the mantle,

In this research the procedure of Teng (1968) was used
to evaluate the effect of anelastic behavior on the P-wave
spectra. Teng had used the CIT11A velocity model in his
analysis while in this study the Herrin model was used; it
was therefore necessary to make some adjustments in the
Q(r) model adopted by Teng.

In equation 3 it was noted that the effect of anelastic

attenuation could be represented oy a factor of the form:

=*rf"‘§;§a‘ff%)} = exp {'“'} (43)
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The expression:

t*z «x f"’u"'q_(,).m (A4)

poor

where the « refers to P-waves, was evaluated numerically
for several of the Q models suggested by Teng and a quantity
called the differential attenuation as a function of A,

normalized to an epicentral distance of 50°,

SAcCa)E tH@- th(se) (45)

was calculated for ray paths from an event with focal depth
of 550 km., This quantity was then compared to observed
differential attenuations given by Teng for two deep focus
earthquakes in South America. As might be expected, since
the velocitles of the CIT 11A model and the Herrin model do
not differ drastically, the adjustment in the Q(r) structure
required to obtain a fit to the same attenuation data was
not large. The best fit (cf. Figure 4.8) seemed to corre-
spond to the model which Teng had suggested as an alternate.
This model 1s shown in Table 3.

Using this Q model t* as a function of epicentral dis-
tance was calculated for a surface focus event. The results

are shown in Figure 4.9. Then the expression

cxp {-ft'}

giving the anelastic part of the mantle transfer function

can be directly evaluated. To show how this affects the
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spectra of P-waves at different epicentral distances, the
mantle transfer function was computed taking into account
only the anelastic behavior for distances of 5°, 100, 200,
and 500. The results are presented in Figure 4.10. The

low pass filter character is evident.
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Table 1
Time Stations
Event Date (GMT) my, Location Analyzed
Benham 12/19/68 16:30:00.0 6.3 37.232N ARE,BOG,CAR,
(Ben) 116.4T74W FLO,NNA, OXF,
QUI, SHA
Boxcar 4/26/68 15:00:00.0 6.2 37.295N AAM, ARE, BOG,
(Box) 116.456W CAR,COL, FLO,
OXF, QUI, SHA
Commodore 5/20/67 15:00:00.0 37.130N FLO,LPS, OXF,
(Com) 116.063W SHA
Faultless 1/19/68 18:15:00.0 38.625N AAM, ARE, ATI.,
(FLT) 116.219W BLA,BOG,CAR,
COL, FLO, NNA,
OXF, QUI,SHA,
UNM, KRK
Greeley 12/20/66 15:30:00.1 6.05-6.29 37.302N AAM, ARE, ATL,
(GRE) 116.408W BLA,BOG,CAR,
COL, FLO, LPS,
NNA, OXF, QUI,
SHA
Halfbeak 6/30/66 22:15:00.0 6.02-6.04 37.316N AAM,BLA,LPS,
(HLF) 116.296w OXF, SHA
Jorum 9/16/69 14:30:00.0 6.2 37.314N ATL,BLA,COL,
(JOR) 116.460W FLO,SCP,SJaG,
WES
Milrow 10/2/69 22:06:00.0 6.5 51.417N ALQ,BLA,COL,
(MIL) 179.182E DUG, FLO, HNR,
JCT,LON,NDI,
OXF, QUE, SHA,

SHL, TUC
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Table 2
NTS Crust Model
Layer Thickness  P-vel S-Vel Density
D (km) o(km/sec) p(km/sec) p(gm/cc)
2.14 3.24 1.86 2.20
0.36 4.40 2.50 2.40
2.50 5.10 2.60 2.50
20.00 6.10 3.50 2.70
10.00 7.00 4.00 3.00
- 8.00 4.60 3.30
Table 3
Depth (k) Q Begggt%;m? Mog% Depth (lon) Q@
o 450 1500 1000 2875 100
36 60 1700 1000
50 75 1875 750
70 75 2000 500
150 (4] 2200 500
530 75 2400 500
750 100 2500 300
950 250 2600 250
1100 450 2700 200
1300 550 2800 120
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5. The Effect of a Dipping Layer on P Wave Transmission.
Albert Rogers

Crustal inversion utilizing the amplitude spectra of
P or S body waves makes possible the determination of the
crustal parameters, depth and velocity contrast, beneath a
single station with data from that station alone. It 1is,
therefore, not only a very convenieat way to meaamxe qualities
that sre needed in other seismological studies, but it also
provides a means of adding to basic knowledge about the crust.
The method is particularly useful in remote areas of the
earth where refraction and reflection surveys are difficult
to conduct.

A number of researchers, Phinney (1), Fernandez (2,3,4)
Ledblenc (5), Hasegawa (6,7), Ellis and Bzsham (8), Castano
(9), Iorshim (10), and Utsu (11), have attempted to correlate
the theoretical results predicted by the Haskell-Thomson formu-
lstion spplied to body waves with body wave observed spectra.
In some cases the lsck of a correlation may imply the exis-
tence of s more complex model. Such complexities as aniso-
tropy, snelssticity, and heterogeneity within the crustal
system may significently affect the amplitude response of
body waves, introducing errors into the inversion process.
The distortion of the trensfer function may be great enough
to meke inversion impossidble. The introduction of dip into

one or more of the layers is one such complication.



In this study we examlne the changes produced in the
transfer function for P waves passing through a dipping
layer. Two aspects are considered: the errors due to dip
intrcduced into the crustal depth determination when the
layer 1is erroneously assumed to be horizontal; and, the
applicability of a ray theory embodying dip to improve the
accuracy of the depth determination as well as to find the
dip beneath the station.

We assume a single dipping layer, that 1s, a wedge,
overlying a half-space. Plane P waves are incident from
below the layer, and the diffracted waves that are generated
at the vertex of the wedge are ignored. The difficulties
assocliated with finding the normal mode solution make a
first approach involving analogue seismic models and ray
theory very attractive,

The ray theory we have developed is a computational
scheme for summing the plane wave P and SV potentials subject
to the boundary conditions expressed by Knott's equations
and Snell's law. We have used the theory to determine the
vertical and horizontal displacements for the multiple re-
flection solution for a dipping layer. 1In the following
discussions the model study transfer function 1s defined as
the ratio of the vertical displacement at the top of the layer
to the total incident P displacement at the base of the layer.
For the crustal study the transfer function 1s defined as
the ratio of the vertical transfer function to the hori-

zontal transfer function.
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Matching of the observational transfer function to the
theoretical may be accomplished by eye or analytically.
When matching by eye the theoretical transfer function is
plotted on log-log paper in dimensionless frequency Hf/v,
where H is the depth beneath the station, v is the layer
velocity, and £ is frequency. One such curve represents
the theoretical transfer function for any layer depth and
velocity, for a given velocity contrast, angle of incidence,
and angle of dip. The observational curve is plotted on
log-log paper of tne same cycle size. The curves are then
superimposed and translated without rotation until a fit is
observed. The depth 1is determined by reading from the axes
any two corresponding values of Hf/v and f, and assuming a
value for the layer velocity.

A more obJective method was developed using the corre-
lation coefficient and the mean square deviation defined by
(1):

Correlation coeff s Q-;, -3

.‘5: (YC% ‘)71—‘ )\)’Jq -Zi )
L%L}’c wfe )‘,%W.- ~ éﬂ}s

(1)

IPCYE A
Mean sq. dev. = ;3 Tz'kyc“-y‘.*\

where yy4 equals the theoretical transfer function and vy equals
the observational transfer function. The correlation coeffi-
cient is computed about the mean y , and normalized by the
standard deviation so that it is primarily a measure of the
degree of equality in shape uf the two variables y; and yJ.

The mean square deviation chiefly determines the degree of



vuallity 1o ampllitude Lolween the LWOo urves.

Tae measn Lgquere devistion was computed alfter rivting
Lhe wwo Lranolor fuanctlone vy eye and normalizing them at
orrespondlng values 1n tne ramge ol tne peuk selsmograph
Jasnify cation.

In order Lo unalytically snit't the two transfer func-
tions past one another 1in the search for the vest f'it, they
were linearly interpolated at intervals of .01 log frequency
and lo, dimensionless frequency. The correjiations were de-
termined for earthquake data for layg values measured in
kilome vers between 15 km and 20 km. This 1s less than + 15%
of' the %“otal lag measured {rom the zero lag position. The
model data lag values varied between 16 and 30 mm, which 1is
less than + 7§ of the total lag. The number of independent
points used in the region of maximum fit varied from 40 to 50
for the earthquake data and was equal to 23 for the model
data.

In the evaluation of the ray theory we have studied the
effects on the earthquake transfer function of variations of
velocity contrast, depth, angle of emergence, angle of dip,
and spectral resolution. The transfer functions have been
evaluated for a Poisson's ratio of .25 and a density ratio
of .d3.

Pigure (5.1a) shows the earthquake transfer function
for velocity ratios of .9, .b, and .7. It 1is apparent that
increasing the contrast increases the level of the peaks

but does not appreciably alter the shape of the curves. What
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differences sre present are due to the fact that the curves
have unavoidably been smoothed in & slightly different manner.
The nature of the program for obtaining the curves 4lso makes
it inconvenient 10 obtain values ut exactly Lthe ssme intervals
of dimensionless frequency. These trinsfer functions were
evsluated for 10° of dip and 60° angle of emergence.,
Pigure(s.lb} shows the transfer function for two values

o
of depth with a dip 10° and an angle of emergence 126 . It
18 clesr that changes in depth produce no changes in the shape

or level of the trensfer function. Any changes which are
present can be explsined by the argument given sbove. Likewise,
we could expect there to be no change in the trensfer function
level or shape had only the lsyer velocily been changed wih
contrsat velocity.

Varistions of the angle of incidence revesl that the
level of vae trsnsfer function incresses without ms jor charac-
ter change sa the sngle of incidence varies froes 50° to &Oo.
There 1a & me jor charscter change between 50° and 100° 8C weve
propsgation goes from up to down dip. As the sngle of inci-
dence variea from 100° to 130° the level of the tranafer
function decreases without mse jor character change.

We used the correlation coefficient to determine the
theoretical error resuiting froe fitting s 0° 61p theoreticsl
transfer function to 0%, 5°, 10°, 15%, 20°, 25°. Equivalentiy,
tranafer functicns plotted in frequency were shifted past the
o° transfer function plotted in disensionleass frequency snd

the correlation and mean square devistion were determined.
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Tlat aaL et gl Ve tn Tatle | for the up anvd down dip -caca

Fo:r maves o Llect at « the Cofiwilation oefficlient yoct

tAroact g mints.a .o There ceascd Lo be any =casyratle 'l
(V] [V] - -

2 e 1D varles Trom oo to O %o iv” indicaten that

Al vajern OF “hw corsciatlion lu-tuate around Zero or & amwe
JOMCE va,4c ¥ltn nO well defined mastimun., The swan squate

e o
deviation in-reases rapldiys In the reglon O o O, 13 con-

o
atant neapr 1L° and i, , and besine 0 Increase eagatlnn beyond

1-0. The depth values are delerained ol polinta of maxisum

correjation, and 1t 1o evident Lhat error in the depth deter-
=inat lon 18 lecan than %6 in all casce and lcsr than 2.96 for
dips leas than or cgual to lco. Yor waves in< ldent et l?bo
the corrviation toeffi-tent goeca through o alnimum or reglion
of no "It ar 110 angd 3¢gal. at 2%0. The sran square deviation
inctvases continuously as the dip increasses. The error in the
velue of the depin varies from 28 to 76. This indicetes that
in o8t inntan:cs the deplh of the layer may be deterained
within 76 by met:hing to the transfer function for s horizon-
tal layer even though the lajer mey; have dips up to ?Oo.
However, the de.ree Of correlation may be smel) or zero in
soce cases. It 1e this fact that may permit the deteraina-
tion of the dip as well as te aQeptn.

It 30 uselal %0 8%udy the value of the correlation co-
efficlent from a stetistical vicwpoint., We mey test whether
the value of r,l aiffers si; nificant]ly froe zero or whether
*wo r‘J values Alffer sisnificantly from each other. de =m0y

2180 deternine -onfidence liaits of the correlastion in the



population. If we test the null hypothesis M, thai the
theoretical transfer funciions compared above are uncorrelated,
that is drewn fros & norma)l diveriate population with 'r” - C,
agaireat the sjiternative hypothesis N that thwy are positively
correlated, 1t is found that s positive correjation exists in
8l]l coeses except for thw instances of no fit. If the value

of r"’ > .214 (this number applles only 0 these theoreticas)
curves), N 1s asccepted at the Hf ievel of significence. &
value of r," this large due to chance would occur only once

in twenty times 1 the sempile is drawn fros s population with
’r"’ - 0.

It 1s mOre informestive, perneps, to te 't 1f the seasured
values of the correlation are taken froe a population of high
correlation, 88) 'r", e .9. The 956 confidence limits given
in Teble ) indicate thet only the 5° correlations (including
the 0° cases) for both angles of emsergence could have been
taken from a population of high correlation. In all other
cased we would dbe forced to accept the alternative hypothesis
of low correlstion. The Heakel)-Thomson mode] yields statis-
tically significant correlations when dips less then 5° are
preaent. por dips grester then 5° their msode)l does not glilve
significent correlations, and in some casaes the correlation
18 low or gzero. Theoretically, even in cases of low correla-
tion, the depth may be deterained within T7§.

In the theoreticsl studies of the spectrs]l resoclution
we Bedsured the effect on the trasnafer function of applying
e Memming window of 80, 40, and 20 sec length to theoreticsl



selanograns . eindows a5 short as U sec have no effect on tmw
d;cursy of the depth deleraination for a8 5C ke crust. HMHow-
ever, a shorl winjow may smootlh the transfer fun-tion enougn
Lo mdae &8 41p detlor=ziiation impossible.

The anaioguce =odel study was conducted in an effort to
investigate under ‘ontrolled latoratory conditions the accura:y
of the -rustal inversion process. [t siso provided a teal of
thw ray theory. The caperiments were designed for the measurc-
scnt of the vertical transfer function for thiee values of
a1p. »°. 7.5° 10°, and for vertically incident waves. To
whot cxtent the model results apply to crustal trensfer {unc-
tions is unknown; however, subsequent anslysis rcvesis thst
concluasions based on the mode]l resultls sre entirely comperatic
to the conclusions reached using the theoretical crustal
trensfer functions.

Por the experiments we used 8 two dimensional sodel,
Pigure (5.2), with @ 1/8 inch thick sluminus slloy half-space
ond » Plexigless layer. The model wes actally constructed
with the 8011d-8011d4 interface horizonts]l and the dip in the
free edge Of the layer. The depth froa the receliver to the
nalf-space, seasured slong the normel Lo the free surfsce,
was constant for sll three ceaes. Por the free s::face to
represent » horizontal plane, ss in the res] earth, ".he re-
ceiver was displsced fros the sode)l vertical by sn sngle
equal to .he sngle of dip. These two steps 1nsur=2 that the
smplitude response that wes observed reflected only changes

in the angle of dip. The lower receiver seasured the source
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function end was the same distance {rom the aource se the
source ‘98 fros the dase of the layer beneath ihe recelver.

The two centimeter layer thickness benesth the recejver
was chosen 88 8 comproaise. If the layer depth were such
shallower, the ms jOr spectra)l pesks and trouzhs woul? become
widely spaced snd ' hift to high frequencies (based on the
formuls for norme) incldence to & horizontal layer). The
source function would {lluainate few or none of the pesks
snd troughs in such » spectrus. On the othe hand, if the
lsyer depth were made msuch grester, the pesks snd troughs
would decsae 80 cloeely spaced that they could not dbe re-
solved by the svsilable spectrs] reaclution. In addition,
the two-may trsvel tise incress~s snd few sultiples would de
observed before interfering phases from the sides of the
msode] srrive.

Cepacitive receivers were used, and silver scetylide
explosive charges served 8s the enérgy source. When properly
formed, these charges ylelded » simple brosd-dvand signel,

S5 kNz to 300 kMz, that adequately i1lluminated the leyer smpli-
tude spectrus.

A comperison between the theoretical snd odbserved msodel
trensfer function 1s plotted in Pigure (5.3). The degree of
fit sppesrs “"best” 1n the 5° and 10° ceses. The 7.5° results
sre not 88 significent due to the interference of antisymmetric

°
modes. This prodles was overcome for the 5° snd 10 experi-
msents. The regions of significaent devistion sre below 50 kM2

ss evidenced by sn incresse in saplitude and shift to lower
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fregquency in relation to the theoreticsl. However, the rsy
theory 1s not valid in this frequency band, since the wmve-
lengihs are 2 to 15 times the layer thickness. Adove 160 kMz
there i 8 distinct frequency dependent ahift of the obeerved
peaks and trougnhs towerds freqQuencies lower than the theoretd
csl. This 18 accounted for by the occurrence of geometrics)
dispersion and the breskdown of two-dimensionality in the
msode]l. The condition for destructive interference for norms)
incidence to & horizontal lesyer is given dy,

f « V/a¥
and, therefore, s change in velocity produces & proportionsl
change in the frequency of interference.

0t « av/on

ol

At/ - av/y

Comparing the obeserved snd experimentsl for 5° reveals thet
the trough st 230 kiiz (theoretical) sppesrs st 211 to 216 kMsz,
e proportions) decresse in percentsges of 6-88. The phase
velocity of & 1/8° thick Plexiglss leyer st 230 kiiz 1s deter-
sined from the equation (sfter Toletoy and Vsdin (12)):
Toa[U-pVoma]l  yl-ckd[i-pe*
S YAV (i G- <X

The zero frequency limit of the phese velocity e

Cea W/:')- /-63 memyn3



The principle root of the transcendenta]l equation usin;
the mode]l constents and 230 kHz 13 ¢ « [.5%C un[/-a. This
represents s decrease in the velo-ity of t§.

The correlation coefficlent technique was employed Lo
analytically measure the error in the depih detlermination
a8 wel)l 88 t0o study the feaslblllity 4! =casuring thw dip.
Tavle (2) shows the reaultls of -omparlr, ca ! of the experl-
msental apectrs L0 helr correspondinge *heoretical spectrs.
Only the values up 0 160 kHz were uscd in order %0 exclude
the effect of geometlrical dispersion. Ais was observed by
eye, the degree of fit 1s better in the 5° and 10° spectrs
sccording 1o the messured vslues of the correlation coeffi-
cient sand thr mesn square deviation. The seusured depths
of the lsyers benesth the receiver wre 20.0 ma, 20.° mn,
and 20.5 mm, for the so. 7.5°%, sna 10° layers respectively.
The messurements include the epoxy bonding layer ss well as
the foll used as one plete of the receliver pickup. The
velues Of Gepth detersined uvaing the correlation coefficlient
sre in error by about ¢ 1f. An error of this size may be
ssde in measuring the depth; 1in addition, the correlation
was computed in intervels of .46 me, and, therefore, tre
depth may de in error by ¢« .23 ma or spproxizetely + 14.
It 1s evident that the depth of s layer say be detersined
to s high degree of accuracy in 8 controlled experiment even
though the correlation may be zmall. This conclusion is {n

sgreement with previous theoreticsl resuits.



A 3¢l of WESSN earthquake records were chosen and
ans lyzed in order (0 deotermine the practicabiiity of spply-
ing theac voulls o the real earih. Long period recorde
were chosen cven though portions of the spectral band violate
the regtons of validity of the ray theory (wavelength such
longer than the jayer thi:kness). The [requencies used were
L0129 cus. to .0 cpa whish represent wavelengths varying froe
10 to i{/5 the layer thickneaa. Tablc (3) gives sll the per-
tinent earthquaxe statistica.

The theoretical ransfer functions were evslusted uaing
the required angle of fncidence, a fixed velocity contrast
of .5, and a (ized density contrsst of .83. Tadle (&)
contains the results of comparing theoretical to observed

transfer fun:tiuns for 4ipa of o® through 30° in 5° incre-
ments for two earthquakes recorded at intofegasts. Two

festures clearly stand out. Piret, the corrulistion coeffi-
cients have double valued maxime, and secor” , the correlstion
€oes through s ainisus 8¢ lo°. The doudle values are 4ue

to the “periodic™ nsture of the tranafler function. Coupering
the two regions of fit by eye indicetes the fit for the
smalier depth 0 be best. Qeclogically, the smsller depth
aeeme ®ore likely since Antofagssts 1s on the Chilean coest
sbout 120 km from the trench sxis. However, there 1s some
evidence suggeating the . srger depth tessed on refrection

and gravity surveys. This evidence will be discussed fur-
ther, subsequently. The fact thst the value of the correla-

tion coefficient goes through s minisum st 10° wes also noted



in Table (1) where two theoretical transfer functions

were compared. Those functions are also the theoretical
curves for Antofesgasta. This indicates that the increase

in the value of the correlation above 10° cannot be asso-
clated with actual dips that large. PFurthermore, the con-
fidence intervals indicate that for the earthquake of
17/01/67, the 0° and 50 spectra represent a significantly
better fit at the 95% lavel than do any other cases. The
confidence intervaP also indicate that we cannot statistically
differentiate between 0° and 5° of dip; however, we may accept
the values as “indicators” of the true dip. The 5° case
appears to be slightly more significant when both the cor-
relation and msean square deviation are taken into account

for both earthquakes. This result agrees with the "best"

fit by eye. The vslues of the dept. that are obtained for

5° of dip are 47.2 km and 45.0 km. The mean is 46.1 with a
standard deviation of + 1.5 km. The final fit that is ob-
teined for both earthquakes 1s shown in PFigure (5.4).

The reasults for esrthquakes recorded at Nana, La Paz,
and Arequips are given in Table (5). The correlation co-
efficienta and the 95£ confidence intervals for NNA reveal
that the O° and 5° theoretical curves do not correlate posi-
tively with the obaservational rpectrum. Positive correla-
tiona do exiast for 10°. 150. and 20° of dip with the maximum
ocecurring at 150. slthough the maximum is not significantly
different than the other values at the 954 level. Taking

into account both the correlation coefficient and the mean
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square deviation, the best fit is for a layer dipping 15°
SE and a depth of 74.7 km. Figure (5.5) shows the chosen
fic.

Positive correlations are found for LPB; however, the
degree of visual correlation shown in Figure (5.5) is poor.
In the case of ARE there are no positive correlations and
the visual fit 1s also poor. Hence no conclusions regarding
these deata will be drawn., Both of these stations are at
high elevations, and it is likely that the crustal struc-
ture beneath them is complex.

The crustal depth determined at Antofagasta is in good
agreement with results of refraction data slightly to the
northeast. Aldrich et al (13) give a value of 46 iun based
on a one layer crust, with velocity 6.0 km/sec. There
are indications of a two layer crust with a second layer
velocity of 7.0 km/sec and total crustal thickness of 56 km,
Our data possibly have two interpretations as well, since a
fit was also obtained for a 57.3 km crust. Study of two
layer transfer functions (Fernandez (14)) indicate that for
some velocity ratio and depth combinations it is possible
that the transfer function became "doubly periodic" in re-
lation to the one layer transfer function. That is, for
each peak in the one layered transfer function, there are
two in the two layered case. Therefore, in fitting a one
layered theoreticnl transfer function to a two layered ob-

servational spectrum, two matches may actually be possible.
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Gravity data interpreted by Lomnitz (15) near Anto-
fagasta also support a larger value, near 55-60 km.

The dip of the Moho near both the Peruvlian and Chilean
coasts is between 5° and 10o using data and interpretation
of Fisher and Raitt (16), Woolard (17), and Tatel and Tuve
(18). Lomnitz (15) north-south gravity profile in Chile
indicates a crust dipping gently (approx.1/2°) to the north
leading to crustal depths of 70 km beneath northern Chile
and southern Peru. Our 75 km depth determination at Nana
indicates that a deep crust extends into northern Peru as
well. Geologically, we may expect a deep crust at Nana,
since it is located at the foot of the Andes about 240 km
from the trench axls - twice as far as Antofagasta is from

the trench axis.
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6. Geological Factors Affecting Triggering and a
Model of Aftershock Production.

by Carl Kisslinger

It is known that when an explosion 1is fired in a solid
medium under stress, the resulting seismic signal 1s altered
from that produced by a similar explosion in an unstressed
medium. With reference to the specific problem of mconitor-
ing underground explosions, the important question is whether
this alteration of the signhal can make the detection, loca-
tion, or identification of the event more difficult. The
principal concern is whether the concurrent release of tec-
tonic strain energy at the time of the explosion can suffi-
clently alter the seismic signal to make application of
identification criteria less certain. A closely related
question is whether it might be possible to intentionally
place an explosion in a tectonic environment in which a large
release of tectonic strain by faulting would occur, 1.e. a
large earthquake would be triggered intentionally, as an
evasion technique.

An ambient field stress field will affect the selsmic
siznal through several mechanisms. Of these, the least
important for the present problem is the introduction of a
small amount of velocity anisotropy because of the stress
dependence of the elastic modull. More important is the
control exerted by the ambient stress on the generation of

tensile fractures. In a homogeneous isotropic unstressed
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material, the tenslle fractures that mark the outer l1limits
of' non-elastic behavior will be distributed more or less
uniformly around the shot cavity, with essentially the same
length, so that the basic spherical symmetry of the source

1s not markedly disturbed. If, however, an appreclable
prestress 1s present, tensile cracks in a few directions will
grow to considerable length. Prestress is not the only con-
dition that can result in preferential fracturing. Planes

of weakness resulting from depositional processes will have

a similar effect, especially in surficlal materials.

A propageting tensile fracture is a source of seismic
waves and these will be superimposed on the primary signal
from the explosion. This 1s one mechanism by which S waves
are generated directly by the explosion (Kisslinger, et al,
1961). The energy for these waves 1is derived from the expand-
ing explosion products and the role of the amblient stress
is primarily that of determining the direction of crack
propagation.

Finally, prestress will result in the production of a
seismic signal due to release of stored elastic strain
energy 1n response to the shot. One way in which this will
occur 1s as a result of the sudden creation of an enlarged
cavity in the medium. Another, potentially more dramatic,
is the occurrence of slip on fault surfaces in response to
the explosive loading.

It i1s this last effect, the triggering of a tectonic

earthquake by the explosion, that 1s most likely to cause
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difficulty in applying discrimination criteris. However,
a concurrent earthquake can cause difficulty only if 1t
generates seismic waves comparable in energy to those pro-
duced by the explosion itself. An earthquake with magnitude
equal to or exeeeding the selsmic magnitude of the explosion
has not yet been triggered, but because earthquakes generate
wave types and put energy in fr-equency bands that are not
strongly excited by explosions, there is evidence from the
seismic signals of earthquake generation.

Geological Factors Affecting Triggering.

Our attention has been directed to the question of the
circumstances under which triggering will occur and the
environmental factors that determine the extent of the fault-
ing.

Of the numerous questions raised by the availacle field
observations of explosion-induced faulting, one of the most
interesting is whether the extent of faulting scales with
the yield of the explosion. The alternative 1s that the
action 1s one of triggering such that once thz yleld exceeds
some threshold, rupture begins and its extent 1s determined
by the ambient stress and strength of the material and is
independent of the yleld. McKeown and Dickey (1969) have
published data for Pahute Mesa that shows a straightforward
relation of fault length to yield. This dependence, when
combined with the absencz of aftershocks on these faults,
indicates that the prestress 1s well below that at which

slip would occur naturally and the slippage 1s driven by
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the 3tress pulse trom the explosion. However, the occurrence
of appreciable slip and of some aftershocks, especially after
Benham, 1s ewvidence that a sizable tectonic stress field 1is
present in the rocks of Pahute Mesa.

The fact that Boxcar, Benham, Handley and Jorum all pro-
duced visible surface faulting of about the same extent, but
only Benham produced largze numbers of aftershocks has not
been explained. A possible explanation is inherent 1in a
model of the local structure that was suggested by Cummings
(196b), Figure 6.1. He modelled the Timber Mountain caldera
as a hole in a homogeneous elastic plate under uniform ten-
sion. He used this model to account for the orientation of
the numerous faults that lntersect the caldera boundary,
including those in the neighborhood of the events under dis-
cussion. Though thie model 1is undoubtedly too simple, it does
account for the orientation of the faults fairly well and is
a credible representation of the situation.,

In this model, the large events on Pahute Mesa are
located roughly along the line at right angles to the direc-
tion of regional tension. Benham is at about 1.3 caldera
radil from the center, and the cther shots, Boxcar, Jorum,
Handley, and Greeley are at about 2 radii from the center.
Because the effects of the hole in a prestressed plate are
quite localized, this model calls for a maximum tensile
stress and a maximum shear stress at Benham about 1.5 times
those at the more northern sites, Figure 6.2. The gradients

in stress are greater at Benham than at the other places
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also. For each kilobar of regional tenslie load, the maxi-
mum tensile stress 1s 1.52 kb at Benham (ulmost twice the
applied load) and 1.22 kb at the northern site. The cor-
responding values of maximum shear stress are 0.73 kb and
0.47 kb, respectively. The stress gradlients at Benham are,
for the tensile stress 0.l) bar/meter per kilobar of re-
gional stress, and for the maximum shear stress, 0.07 bar/
meter. At the northern sites the corresponding gradients
are about one-fifth the value at Benham. Of course, local
inhomogeneities may cause localized stress gradlents over
short distances that are much greater than these.

A further point in support of the applicabllity of this
model 1s the fact that the numerous Benham aftershocks are
concentrated along a trajectory whose direction 1s predicted
by Cumming, for which there was no surface fault, but which
connected known segments of faults. Also, the late af'ter-
shocks, beginning 22 days after the event are largely con-
centrated to the south, inside the caldera boundary.

In the absence of more information about the in situ
stress and the strength of the faults it 1is not possible to
Judge if a stress increese of fifty percent 1s enough to
account for the difference in response at Benham and the
other shots.

FPurther evidence of a difference in Benham and Boxcar
related to tectonic strain release is found in the relestive
excitation of SV and SH waves by the two explosions. The

horizontal component of SV as observed at 11 stations in
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the Western Hemisphere is close to the same for the two
events. SH amplitudes, on the other hand, are uniformly
three tn tour times larger !oOr the .enham event than for
Boxcar, with about the same period.

Milrow raised some interesting questions, in that 1t
produced so r'ew afterevents in a setting that 1s known to
be highly seismic. The absence of aftershocks later than
cavity collapse (Engdahl and Tarr, 1970) and evidence of
the long-term tectonic stability of Amchitka Island (Morris,
1970; Anderson, 1970) indicate that the rocks of that island
are under less stress than those of the Basin and Range
Province. One inference 1s that the island is mechaniczally
decoupled from the active seismic region in which 1t is
embedded. Anderson interprets "the deformation of the sur-
iiclal rocks of the central Aleutian Ridge as related to
volcanism and plutonism, and as such the deformation does
not reflect in a first order sense the regional compressional
stress across the arc.’

The strain energy released in the Milrow aftershocks
almost certainly came from the static strain fileld produced
by the explosion and subsequently relieved by the collapse.

Thus, the prompt release of tectonic strain by an ex-
plosion 1s governed by a number of factors that can be
evaluated in the field but have not been adequately treated
yet. These include the magnitude and orientation of the
reglonal stresses and the stress concentrations in the

neighborhood of the shot caused by the local geology. The
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occurrence of an unstable rupturc Lhat would give rise to a
large earthquake seems Lo requlire that the explosion take
pléace near a fault that is stressed almost to the point of
failure. 1In thls event the ldentitication of the silgnal as
coming from an explosion might ve very difficulv.

It has been reconized that surts o wave magnitudes
from NTS events are systematlicully lur;er. relative Lo mg,
than those for explosions 1n Central +:iua, Novaya Zemlya
and the Sahara. For example, for & large Novaya Zemlya
event, my = 6.5, the ratlo my, MS is 1.30. Tne average
for two Central Asia events, m, 2 = 0.0 and 5.5, the ratio
is 1.92. For one Schara event, m, = 5.7, the ratio is 1.32.
For events Greeley :nd Boxcar the ratios are both 1.106.

0. Nuttll has determined shear wave magnltudes and found
for these events that the¢ shear body wave magnitude is
close to MS for all sites, the ritlos mgpegp ¢ MS ranging

from 1.02 to 1.13. The relatively higzh values tor both

Mg and m for NTS events have been interpreted as due

shear
to the contribution of tectonic straln release., The con-
tribution to the shear wave mapgnitude from the SH component
is very small for most of the events examined. [ detalled
study of the Benham shear wave magnitude 1s still to be
done.
Aftershock kxcitation.
In collabonration with J. T. Clerry, Jr., of Livermore

Radiation Laboratory, Livermore, California, a mechanism by

which an underground explosion may trigger a swarm of small



carthjuakes has been investijated. The effect to be explained
is the permanent alteration of the tectonic environment in

the zone usuially considered to respond elastically to the ex-
plosive loadiny. A non-elastic ef'fect must be produced be-
yond the usually defined cone o. cracking, crushing, etc.,

one that causes small earthquakes to occur over an extended
period of time.

The surygested mechanism is the interaction of elastic
shear waves proceedin, outward from the region around the
explosion with localized gradients in the ambient tectonic
stress field. As a result of the interaction a field of
small slipped areas or dislocation loops is formed and the
continued action of the ambient fi=21d on these dislocations
results in the swarm of earthouakes:. The shear waves may
proceed directly from the explosion or be produced by re-
flection of compressional waves at the free surface or other
boundaries. The stress concentrations are the result of
either material inhomogeneities or the effect of preexisting
cracks in the medium, which is in equilibrium in an ambient
regional stress field.

Our appeal to the role of local stress concentrations
follows closely the hypotheses of Droste and Teisseyre
(1959, 1960) and of Mogl (1962) regarding the preparation
of a region for earthquakes and aftershocks.

The equations of motion for an elastic medium under

initial stress are derived by Biot in The Mechunics of Incre-

mental Deformation. If the body forces and initial stress




119

are all zero, we have the usual equations of motion. For
the body forces zero and the initial stresses constant, Bilot
has shown that P and S waves can propagate in the medium

and that the velocitles depend on the amount of the initial
stress,and an initlally 1sotropic mcedium 13 1in general not
isotropic under the amblent stresses.

If the »ody forces are zero and 1! the coordinate axes
are taken as the principal axes of the amblent stress, but
the amblent stress intensity 1s permitted to vary, the two
equations are coupled through the shear straii term, which
involves the stress gradients as coefficients. Although the
solution of the resulting equatlions is very difficult, 1t can
be easily seen hy substitution that a pure plane shear wave
propegating parallel to one of the coordinate axes 1is not a
possible solution. For example, a plane shear wave travelliny
parallel to the y axis, displacement parallel to the x axis,
must be accompanied by a particle acceleration parallel to
the y axis. A pure compressional wave, on tne other hand,
can exist!

Physically, the stress gradient acts analogously to the
tension in a stretched string, resulting 1n an equivalent
spring that converts a displacement into an acceleration.
Because the stress gradient 1s a multiplier of the strain in
the equation, a small strain can produce a large acceleration
if the stress gradient 1is large, and a change in sign of the
stress gradient will change the sign of the acceleration.

Large stress gradients are easily produced over the short



Hatane o modest 3tress f'leld in the neighborhood of
dmail Innomoweneltlices,

Ac¢ propose then that as a shear wave passes through a
cone in whi'n a strong stress sradlent changes sign, a re-
sultant tensile stress may act momentarily,reducing the
ef'l'e "tive pressure, and slip may occur under the action of
the amblent stress. The slipped areas created in this may
become the nuclel for growth of the dislocations under the
action of the ambient fleld, in the manner proposed by Droste
and Teisseyre.

The Benham aftershock swarm exhibits features that may
be explained by this mechanism. PFig. 6.3 shows the epi-
centers and the hypocenters, on a vertical radial plane, of
the first 19 aftershocks reported by Hamiltun and Healy
(1909). These are only a small sample of the many events
during the first six hours after Benham, but they show that
early aftershocks occurred at three to six kilometers from
the shot, and, in fact, outline the zone of most of the ac-
tivity for the first three weeks after the event. The mechan-
isn by which the region was primea for the aftershocks acted
quic«ly and did not move out slowly from the explosion site.

Plg. 6.4 13 a hypocenter plot of all 668 events located
by the USGS through April 18, 1969, on a single plane. Super-
imposed are two rays: one defines the deepest 1ay for a P to
S conversion by surface reflection for which more than half
the reflected energy is in the form of S waves for an ideal-

ized medium. All rays above this one out to large angles of
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incidence at the surface exhibit t .is property. The ray
appears to form a rough lower envelope to the activity. The
velocity model used by the USGS was used in drawing this ray.

The other ray represents an SV wave taking effect about

350 to the vertical at the source. This is the angle at
which a beam of energetic S waves should radiate from a hori-
zontal depth force without moment and was sele:ted on the
basis of a model of a near-surface explosion proposed by
Gupta and Kisslinger in 1966. This ray also passes along
the lower bound of the activity. For either source of S-
waves, the cut-off of activity below about 5.5 km may then
be an effect of the sharp velocity contrast at % km depth.
The circled points are hypocenters of late events in the
swarm, mostly south of the regional swarm regions.

The distribution of the aftershocks shown by Hamilton
and Healy (1969) raises the question of why the events are
distributed as they are. The absence of activity to the
east suggests, under the present hypothesis, that the main
fault, which did slip at shot time, effectively decoupled
shear waves from the eastern zone. The concentration of
events between previously mapped fault segments suggests
that the swarm has acted to complete the formation of a linear
subsurface fracture. If so, the swarm has some similarities
to natural earthquake swarms, for example that in Matsushiro,
Japan. There a great swarm accompanied the formaction of a
new fault, according to Japanese geologists, activity died

out in the original active zonc as it did in Benham, and
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in later stages of the swarm the activity expanded outward
into fresh material.

The limited evidence indicates that moderate to utrong
earthquakes occur on preexisting faults, and no case is known
to the author in which a great earthquake was accompanied by
the formation of a new fault in virgin material. It may be
that the formation of a new fault is normally accompanied by
an earthquake swarm, perhaps initially microearthquakes,
though the converse is by no means indicated, that is, that

all swarms are assoclated with fault formation.
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Figure Captions

Model of Pahute Mesa - Timber Mountain caldera
tectonics after D. Cumming. ¢ 1s the re-
glional tensile stress. Nuclear events are
designated: H - Handley, J - Jorum, G -
Greeley, Bo - Boxcar, Be - Benham. The dashed
curves are predicted orientations of faults.
Variation of maximum tensile stress,CTT , and
maximum shear stress, S, with distance to the
north from the culdera boundary. Distance is
in terms of caldera radiil.

Epicenters (left) and hypocenters of the rirst
19 Benham aftershocks listed by the USGS. Body
wave magnitudes are in parenthuses,
Hypocentral plot of Benham aftershocks through
April 18, 1969. The solid ray is a P to S
conversion at the smallest angle of 1incldence
for which more than one-half the reflected
energy 1s in the shear wave. The dashed ray
represents the direction of the maximum ampli-
tude of SV waves generated by the horizonta.
component of the explosive loading for a near-

surface source.
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7. P Pulses from Earthquakes Triggered by Explosions.

Rene Rodriguez

Introduction
The purpose of this research was to determine in the time
domain the influence of an earthquake triggered by explosions
into the final P pulse shape. Two kinds of sources were con-
sidered to act in a region, namely: an explosive source, and
a tectonic source (moving fault) triggered by the arrival of
a signal from the explosion.

a) Explosive Source. An explosive point source in an

homogeneous, isotropic medla can be represented by three mu-
tual perpendicular couples of equal point forces without
moment (Fuchs, 1966). The total effect can be represented

by a superposition of the three couples, because of the linear
dependence between displacements and forces. This is equiva-
lent to considering the explosion and its effects only in the
elastic zone, where the infinitesimal strain theory is valid
(Kisslinger, 1963). From Nakano (1923), the displacements

due to an explosive point source were calculated and they are:
in cartesian coordinates:

Spe 4_:_;“7 l( doyteenie) s o (*%y 49‘0!‘3)!’ ;(1‘!.5‘141')!}[.:“. &) (1)

in polar coordinates:

r - X € . C(1.2 (2)
il ampwy e F(! :r)
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where Op = compressional wave velocity

R = distance between source and receiver
f = density of the media
K € = equivalent moment of the couple (strength of the

explosive source)
€r = radial unit vector.

b) Tectonic Source. A ‘vving double couple is utilized

to model an extending source. Following Berckhemer (1966),
consider the fault plane in the xz plane and a double couple
acting at the origin O (Fig. 7.1). Let B be a point on the
focal plane¢ given by it cartesian coordinates. Let the force
per unit area K be acting over the surface element df dy ,

then the resultant force will be given by

dE » Kdyds (4)

Let the receiver A be at a distance r from the source, very
large compared with the diameter 2r' of the focal area. The
rays from all the source elements to A will nearly be parallel.

This approximation can be Jjustified 1if

rt W Amia ¥

where is the wave length.
If the focal process starts at the origin O, the stress re-
lease at any other point such as B will start after a delay

time
to= tp(n (5)

where ti)= time due to the fracture process.
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The delay time at the receiver A will Dbe:
_ f-s.e (6)

10 tf(s) m

where:
-
gr = I
S 2 fi+Th

r‘.—:—-. COOO

0. + x M0 Smg
Ty % : S5m0 Cou ¢

roa (e ge)”

9= % for P waves %= % for S waves
In each source element a double couple acts. Integration
over the total focal plane leads to the resulting pulse of
the displacement at A. From the expressions given by Nakano
(1923) the displacement at A will be
o, .
wr,%_u_i g,U‘g({.L.m) d¥ dy (9)

'y Qrh
Ure . 6 {Gos'e s Su'0 gt (1- 40} 18 o) d (10)
== angr o} , & gg Sd o) 4y ds

where Up stands for P waves, Us for S waves, a, b, c, d, are

the dimensions of the fault and [ is the tangential unit
vector.

The composite source.

Consider an isotroplc, homogeneous media. Let the explo-
sion be detonated at a certain time t,. Waves spreading
radially will travel around the explosive source in all direc-

tions. It is assumed as a working model that as soon as the
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first wave front from the explosion reaches the fault area
in one point, this will be the starting point for the trigger-
ing; this will occur after a delay time (Fig. 7.2)

- 2 (11)

where M is the distance between the explosion and fault,
Any other point in the fault such as B will start releasing

energy after a time delay
™M
l- 7Y -l:f(ﬂ (12)

At this point if we consider the fracture process to be linear

(unilateral or bilateral) propazating in + x direction

s L (13)

where C = fracture veloclity.
Then the total time delay from the explosion to any point on
the fault will be:

t-g -+ (14)

Meanwhile direct waves from the explosion traveling thru the
medium will reach the receiver after a time delay:

-3
-2

and waves from the fault after a time:

- (YGs® +5 50t
t- (%‘_g_*r (c..° . .d))ﬂ'& (15)
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when the fracture process is unilateral or

[ 4
{ - ( _:lp‘_} . r+ (!Cg.;b!SmDCotd\) « Te (16)

when it is bilateral.
V =V for P waves V = Vs for S waves
Then the total displacement due to the composite source at

the recelver £ will be

apb |
Yoo by o F(1-§) o Keinbed ’HJ“‘” dray

(17)

194 6in" 1 . 0) 12 > ~
Uy = _XE L‘ot . S“r::o;’¢ (1-4con’®) ] [ S:L‘ ( l\:) d¥ d¥ (18)

If we assume further that the radius of the composite source

r"' is very small compared with the distance, which can be

satisfied 1f
™ K AT
(19)

then the displacements can be written as:

a b ,
et Py o e (D) dTdr (ao)

4

Uy, KE§Cst0 +ome Gegli-scont0)} ™ S“ gb {(78) dydyg (21)
— 4mer ol ¢ Jd

for unilateral fracture, and

‘-—h—;-m' E(1-8) » wg‘ g‘ {(T4) dtdy (22)
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U, XE&{Corto+omto g (1 scate) " S‘ S‘f(‘:) dy d% (23)
- RIIT e X

for bllateral fracture.

For the final evaluation of the displacements an assumption
about the time function for P and S wave forms at the source
has to be made.

1. Time function for the explosive source.

Two kinds of functions will be assumed:

Type 1 Explosion (EX). The displacements at large distance

corresponding to step in pressure at the source 1s given by

(Kisslinger, 1963)

U, 9"‘t s"\ We T

which 1s a damped sinusoidal motion propagating radially with

angular frequency w, where:

Ts t-to (24)
- M We
= (m+ mr) (25)
We: 29 (mem)'h (26)
a (1+2m)

aj= radius of the cavity
Ms %; = ratlo of shear modulus to Lame's constant.
Assuming for the earth that Polsson's ratio i1s 0.25, m = 1
and for Vp = T km/sec
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For a very large cavity radius, for example a = 1 km

We = 6.6 1/sec
&« = 4,66 1/sec
freq. = 1.05 Hz

The corresponding normalized displacement for this type of
time function 1s plotted in Figure 7.3 taking o as a parameter.

Type 2 Explosion (EX). A step-like function at the source

will be assumed as a second type of time function for an ex-

plosion of the form:

ds Tt (27)

where will be evaluated by comparison during the numerical
evaluation of the pulses. This type of function is similar

to the pressure function calculated by Toksoz (1967) from sur-
face wave studies of the Benham nuclear explosion. The

value of 1.5 for 1in the time function seems to fit best the
observed Love wave spectrum,

Plots of the normalized displacement for different alpha's

are shown in Figure T.4.

2. Time function for the tectonic source.

Various kinds of wave forms have been proposed by many dif-
ferent authors. Bollinger (1967) gives a 1ist of the P wave

forms used most often:

Boxcar 8(?) { ! octeh
o T>h , T 40
Step function vey | 1o
o T ¢0
Damped sinusoid et simpt (28)
S8t Smpt vy
st '
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From spectral studies of body waves by Ben-Menahem et al
(1965), the gross structure of the source time function was

found to be of the form:

(1-e-#) HID

with 0¢ ¢ 10 (29)

e
T
Studies on the observed surface waves by Ben-Menahem and
Toksoz (1963 a,b) and Stauder and Hirasawa (1965), show
that the time function at the source can be expressed by a
step-1like function. According to their results the follow-

ing particular form can be assumed for the time function:

{(1) { LN
(o} 1<O (30)

or in dimensionless time form

1- e T»0
fm { (31)
O TL£0
where
T.0 8
and (32)

b = fault length

Vs = S wave velocity

Wave forms of P waves are plotted considering Q as a param-
eter (Fig. 7.5). Ben-Menahem and Toksoz presented the value
of (3= 1/22 from surface waves of the 1952 Kamchatka earth-

quake. Stauder and Hirasawa present a corresponding value
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for Q = 10. From the considerations of Stauder and Hirasawa,
Q may be considered to be almost constant for any earthquake
rather than constant, because it secems to take a longer
time to release the stored strain energy in a larger source,
than in a smaller one.

In the present paper two kinds of time functions will be
assumed for P waves:

Type 1 Fault (FAU). A damped sinusoid.

f(1) = e g, p1 (33)

will be assumed for P wave forms from earthquakes, where the
value of (3 will be chosen by comparison during the numerical
computations of seismic pulses.

Type 2 Fault (FAU). A step-like function for the source

function as given by Ben-Menahem (1963 a,b) and Hirasawa and

Stauder (1965)
L-eft T»0

fm-{
(o] t<¢o (34)

The reason for assuming this time function instead of a more
complete one, for example that given by Ben-Menahem, et al
(1965), 18 because we want to gain simplicity for the evalua-
tion of the integral over the fault area, which for the case
of a function involving Heaviside function cannot be evaluated

analytically as we wish,

<
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Models.

Theoretical studies by Berckhemer and Jecob (1965), Savage
(1965, 1966), Stauder and Hirasawa (1965) show that a uni-
lateral fracture process has more influence on selsmic
pulses than bilateral faulting. By the nature of the prob-
lem, unilateral faulting seems the more suitable process to
model a triggered earthquake although bilateral faulting is
also possible. Because we are 1interested in seeing the in-
fluence of triggered earthquakes on seismic pulses from
'nuclear explosions, a unilateral fracture process will be

assumed in the development of the final displacement formulas.

Model 1. Type 2EX + Type 1FAU (Fig. 7.6)
Flz) : T € %1
() : e-Plonmpr (35)

With these two time functlions, expressions for the displace-
ments corresponding to formulas (20) and (21), after inte-

gratlon over the fault area, becomes:

up = Os Tl e- T

+ D, ‘ e-F[sinpla s Cos pTa] 4 € P15 Sinpta 4 cos 3] 4 @PH[simpL

s orpte] . % [Smpsucon 73] |
(36)

Us - 0y i. e "t‘[ Sin ATs + Cos P'tb] + € P""[s-n (“[14 Cos o.‘ty] +

+e P [ in(T0s s fT4] - @F1 [SimfTy 4 e fta] } .



Where

oy %— ’ D“#:,;%;—_tg_m ’ %’:;jfﬁ::::::g-%‘;;‘:ﬂ} : (38)
. |- u&, S P 4_-(%,_&_ oSm:‘(obd)
T {- (B L -9&?%‘.9:.1) - l-%'-a

B - (g %) Ta: Te - b(L- o)

e (G ap o) B BORD

T {- (e eb(L-a0)) (39)

V = Vp for P waves and V = Vg for S waves.

Model 2. Type 1lEX + 1FAU (Fig. 7.6)

: -oel

(1) = e? smpt

With the same configuration as Model 1 the integrated ex-

pressions corresponding to formulas (20) and (21) with the

time functions assumed are:

-at
Up: 0,€ """ Smwel, + Dy {-é A [snptascapta]

+ e-*" [sinpty NY (1Y) 4.8"“ [smate + Gos ats]

41)
_ e ols [s.npt. ¢mﬂll } (

Us «+ Dy i- et [Seps Goaple] & P [swatie sty o

+ @[S Ty s s 03] - €PN [smpTy saspTa] } (42)
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Where D1, D2 and D3 are the same as in Model 1.

Model 3. Type 1EX + Type 2FAU (Fig. 7.6)

F(D) = e T smuwoet (43)
§ (0 z (1- e0)
Using again the same configuration of Model 1 the integrated
expressions corresponding to formulas (20) and (21) with the

time functions assumed are:

- -~ 1 -.nt
uP= 0‘ e.ﬂ'u . 02 ‘t-pt‘l -e_Pl'\_ e-"-‘ *e [ ‘} (44)

Uy = Dy fecfTe. T @bt @] (45)

are given by formula(39)
t*, tg FRTEPRY

» Tq
Where again D1, D2, and D3 are the same as in Model 1.
It is noticed that whatever the time function is, we have

the same time delays, namely

% o o
Ty = %‘%

o (46)

e ReLesch- age)

for P waves, and
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op 9 V1Y
T i1 = E'\_ + L
S Oy
Tg = M, Lb(L. %dP) _ 25mBCosg
8 5 ot (L o > o
Tg = M, L ,b{Lt- Sl
s = ¢ Lo p- k)

for S waves.,

The sense of the first (direct) motion from the explosion
will always be up if the positive sign 1s taken in the direc-
tion of Z axils. The second arrival will correspond to the P
wave triggered by the explosion due to the contribution of T2

or T3, whichever 1s minimum. Of course 1if
a 5o Cosg ¢ 1 T2 1s mini-um, or if

a Sng Cosg > | T3 18 minimum, depending in
either case on the values of @ and ¢ . This minimum value
also will determine the polarity of the second arrival for a
given constant distance, because the difference in sign be-
tween T2 and T3. The difference between T2 and T3 is strong-
1y dependent on the width of the fault considering that e , ¢ ,
and Vp are fixed, that 1is:

,\Tzl-n,l

| [etngced (u7)

%

On the other hand, because the difference in sign a reverse

in polarity will occur after the contribution of the third
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term (one-fourth of a complete cycle), therefore the theory
predicts a possible way of estimating the width of the fault
independent of the assumption for the time function, 1if,

of course, 1n practice thls second arrival could be identi-
fied with accuracy from actual records.

A third spike 1s expected due to the contribution of T4 or
T5, whichever 1s minimum, where the length of the fault plays
an important role. Thils arrival will correspond to the
stopping phase (Savage 1965, 1966). The same analysis can

be made for the S wave generated at the fault.

Numerical Calculations.

Fortran programs have been written to evaluate the displace-
ments at the receilver for all three models and varlabl: param-
eters such as distance, relative orientation of the sources,
relative strength, etc.
Model 1.
These programs calculate the P and S pulses at the receiver
due to the composite source for different parameters, namely:
a) r = distance between fault-explosion to station
b) © and ¢ related the orientation of the station with
respect to the fault
c) M = distance between explosion and fault
d) ¢; and ¢ related the orientation of the explosion
with respect to the fault
e) b = length of the fault.
At the beginning values of X = 0,5 and (3 = 0.1 were assumed

arbitrarily, considering only that the rise and decay for the
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explosive source should be faster than for the propagating
fault. All the early results for Model 1 corre3spond to
these two values, It then became clear that these coeffi-
clents were critical, and various attempts to calculate the
order of these have been made. Attempts to relate these
coefficients to the magnitude and distance and the time of
duration of observed pulses were unsuccessful. More suc-
cessful was an attempt to relate o with [ directly, equat-
ing the theoretical displacements due to an explosive point
source acting alone and the displacement due to a double
couple of egquivalent strength. The numerical values obtained
have been used to calculate the values as shown in Fig. 7.7.
As predicted by the theory, the first arrival corresponds to
the direct pulse from the explosion, the second to the
triggered earthquake, the third is the stopping phase from
the earthquake, and the fourth the S arrival. The differ-
ence in frequency content between the pulse from the explo-
sion alone and that corresponding to the fault is striking.
In these calculations the following values for the different

parameters were taken:

X = 5,0

= 0.7
Strength of the tectonic source késwy= 1023 dyn-cm
Distance fault-station r = 100 km
Distance explosion-fault M= 15 km
Fault length b = 10 km

Strength of the explosive source kW= 1026 dyn-cm

<
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= 30 $ =120
)
0,= 150 ¢ = 30°
Fig. 7.8 is the same as Fig. 7.7 but with strength of the

explosive source decreased to 1025 dyn-cm.

Model 2.

The program for this model calculates the displacement due

to a composite source as assumed in Model 2. Displacements
have been calculated ucing the expressions derived by Kiss-
linger (1963) and by amplitude equalization. As in Model 1
we have the four spikes and monre or less equal frequency con-
tent. In this case also the same parameters of Model 1 have

been used (Fig. 7.9).

Model 3.

This program calculates the displacement due to a composite
source as assumed in Model 3. The value of o , as sugge3sted
by the theoretical and observational calculations of Kiss-
linger, was taken as 4.66, which corresponds to a very large
cavity radius (1 km). Beta again was calculated by amplitude
equalization. In this model the arrivals observed in Models 1
and 2 are clearly seen. The frequency content is slightly
different from those models, probably because of different
values of the coefficients used. This model, not only
theoretically but also experimentally seems to fit better
the actual physical problem (Fig. 7.10).

Currently we are trying to improve the Fortran programming

to obtain separately first pulses only from the explosion and
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from the triggered earthquake, as well as the combination

of both. This will give a better picture of what we are
intending to do. After this, the next step will be to
analyze the relative importance of each one of the param-
eters used in the theory into the final P pulses. Further
on all the theoretical P pulses calculated will be con-
volved with the crust-seismograph response to determine the
actual theoretical seilsmogram. In this sense a convolution
Fortran program has been already written and the response
for the WWSSN seismograph and crust response hes been already
obtained in digital form, taking the models given by Ben-
Menahem.

Also, some practical applications of this theory will be
applied. For this purpose, P waves from the Boxcar nuclear
explosion are being analyzed, where very peculiar kinks in
the first cycle have been found at some of the standard sta-
tions. What those kinks mean physically we are not in a
position to say yet; however, on the basis of a better under-
standing of the theory, perhaps we will be able to answer
this very interesting question.

The analysis developed here can easily be extended to
the case in which the triggering occurs at the time of
arrival of an S-wave proceeding from the explosion. The
details of this extension will depend on the model chosen
for the generation of these S-Wwaves, e.g. by reflection, by

crack formation, etc.
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A study of smaller BENHAM aftershocks, begun on a
project with the U.S. Geological Survey Jduring the summer
of 1969, was completed under the Contract during this report
period, and a paper prepared for publication. The title of
the paper i1s "Smaller Aftershocks of the BENHAM Nuclear Ex-
plosion," by William Stauder. The Abstract follows:

The examlnation of the BENHAM aftershocks 1s extended
to 162 earthquakes approximately an order of magnitude smaller
than those previously studled. Tne spatial distribution of
these smaller events 1s similar to that found for larger
events examined by Hamilton and Healy. Focal mechanlsms are
also similar to those of the larger aftershocks: dip-slip
along northeasterly trending 2zones, generally strike-slip
along a north-south trending zone west of the shot-polant.
About one~third of the mechanism solutions are ambiguous,
capable of elther interpretation. Amplitude data are suc-
cessfully used to resolve the ambigulty in about half these
cases by selecting the solution which glves a notably lesser
value of the variance, :E(Ai obs - KAy Calc)2/N of the ampli-
tude residuals. The value of k is related to the magnitude
of the shocks. A b value of 1.09 1ndicates that aftershocks
of the explosion follow a recurrence rate normal for regional

earthquakes or aftershock sequences.
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Focal Mechanioms
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9. An Applicstion of P Wave 3tationary Phese Approximstion in
Determining Source Peremeters by Equelization Procedures.
W. Stauder end N. Lallisme

A stimulus for the use of P weve amplitude dats in
detersining source paramssters erises {roa the personal obdbser-
vation of similerity of wave-foras of the P mve froa station
to station for ¢ given esrthquake and of the diminishing of
amplitude of the initial P weve et stations which sfter
anslysis end comperison of ell the dats ere shown to dbe near
nodal lines. This personal experience wes asde more odjective
in & study by Muttli (suttli snd Oudaitis, 1966).

Muttli measured the amplitude of the first helf-cycle
of the P wave st numercus stations for the Kodisk Island
earthquake of Pedruary 6, 1964. These amplitude data, cor-
rected only ior instrumental response, are shown in Pigure 9.).
The scatter in the data is considerebdle.

The Fault plane edlution of this perticulsr eartinguaike
is kmown (Stauder and Bollinger, 1966). The theorsticsl P
wave amplitude rediated by s doudle coutle point source in
& homogeneous medius is given by the reletion

Uy ;};;ﬁﬂ(("ﬁ (1)

-m-ce 1s the density, oL the P wmve velocity, R distance
along the rey, K(t) the source time function, end x and y
the space coordinates of an odbeerving point with respect to
the msechanise axes. Muttli corrected the obeerved saplitudes
by dividing by the factor xy appropriate to each stetion.



The resultls are shown in Pigure y. The cherecter of
the symbols in the figwe is related to the distance of o
point from 8 nodal line, or, equivalently, to the sagnitude
of the factor xy. It 1s noted that the scatter 1s consider-
ably reduced, with the exception of s few points for wich
velues of xy ore less than 0.1, 1.e., points neer nodal
iines. By perturding the sechaniss solution by only a few
aegrees \n the 41p end dip directions of the nodsal planes,

8 solution was obtained for which even theee exesptions
disappesred and for which the residusls in ocbeerved versus
csloulated smplitudes were & ainisus.

The fina)l solution obtained in this way 15 showm in
Pigure 9.).The 1ine drevn on the figure 1s the asplitude
variation expected from geometric apresding only, bdesed on
the Jeffrey-Bullen P wave trevel time curve for 0.00R. The
ocorrespondence between the obeerved amplisudes eorreeted for
focs) mschaniea and the theoretical amplitudes is good. One
any conclude thet the echiefl faetor in the seatter of P mve
eEplitude @s% 15 the offeet of the redistien patteran ot
the souree.

These cdeervetions suggest the possidility of seeking
@ foocal mechanisa solution for which some Quantity, say the
varianee, 8, of the chbesrved versus computed asplitudes is
e minimun, where .

Se _i_% (A““ - A""’)

N (2)
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In principle this s, of course, 8 wsll estadlished tech-
nique, thet of the body-weve equeliz tion procedure which wee
proposed by Ben-lenshes et sl. {1965) and has been applied to
o number of esrthqusikss (Teng and Ben-Nenahes, 1765; Ben-
R.nahes et 8l., 1968 Knettri, 1969). In o recent peper
Chandre (1970) has further spplied the method of equalize-
tion of P wmave spectrel asplitudes to determine the focsl
sechanisa of five earthquaites, and hae compered ths resulte
with solutions from the firet sotion of P and from the
polarisstion of the § wave. Mls found cloee agreemsnt in
the solutions determained independently by the taree pro-
osoguree.

In she application here proposed, however, there 1s
QuUestion not 80 much of the spectrel amplitudes of P equel-
1504 t0 the scuroe as of the amplitude of the first Meif-
eysle of the P wave cheerved in the time domsin. Thet is,
the amplitude of the firet Msif-cycle of the P wmave 1s eon-
sidered %0 represent the spectrum of the wave at the
predominent period of the P weve. This 18 o stationery
phese appronimstion. Teng and Ben-lenshes firet used the
tera in this eonneetion and applied the stetionary phase
approximtion technique to the SK waves of the Banda Ses
earthquale (Teng and Ben-lenshes, 1963). Chandre (19700)
koo opplied the sams teehwique systemetically to the P wmaves
for s grouwp of eight carthquainss. Me found thet the ste-
Sienary phase selutions agreed with solutions previocusly
doteruined by oqualisetion of the P wave spestie.



4 stationary phase approximstion, since it utilises
only the first ha.f-cycle, oF even Lhe firest quarter oyole
(P wave onset to first pesk or Lrough) msy be considered to
seample the direct P arrivel, uncontaminated by converted
Waves in the crust bensalthn the stations oFf in the neighdor-
hood Of the source. It 1s potentielly applicadle, therefore,
to shellow focus earthquakes s well 8s tO the isclated
signele of P waves from deep focus ahocks.

Even after equalization to the source, P wve amplitudes
will very in sbeolute velue depending upon the magnitude of
the earthquake. In order to compare mxm_mum
t0 caloulated amplitudes o NOrmelizing fector muet be Antro-
dueed. JFor this, following Jarcech (1968), we les

A.-.“ « k Au»r. v & (3)
Where Ay o4 18 the obeerved aamplitude at the ith etation
Ay calc 18 the csloulated asplitude as given by eq.(1)
X 18 & constant to be determined

¢y 1a the error in the ith obeervetion.

In erder to alniaise the aus of the squares of the esrers,
€y , We choose k 80 Lhet

A
« Zlondue (¥)
ZA.’cmAdw '

A value of k may be 00 Obtained for any erientation of the
oource axee. BDut & setreh progrea 1is iatredueed ia ¢nder

h
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SO seook that orientstion of the source azxes for waich

2 ( t‘..&}_ - A.c:ct\‘ | (5)
N

18 o minimum. A best fitting solution 18 thus obtained in

o SINNSr Quite anAlogous tO the procedure proposed dy Ben-
Nonshee et sl. (1965) in the equaiization and comparison of
speetre) Lmplitudes.

An 1lluetretive example, and » presentation of the
fooults 4in & plasne other than the geogrephic plane, sy help
to summerise both the ssthod and s lisitation common to 8ll
oQualisstion techniquea. PFigure 14 presents the conventionsl
P wave firet sotion end § wave polarization sschanies 80lu-
tions for o Mokiaido esrthquake of Octoder 29, 1965. 1t &»
noted thet the asimuthel coverege of stations about the
epieenter 1s rether good, and thet one nodal plene 1s wll
determined by the P weve firet motion. The positions of
both noda)l planes My de fizned by & deat fit to the 8§ wmve
polarisation dats.

In order to 8pply the equalisstion of the amplitudes
0 the fosal sphere by the stetionary phese spproximetion,
the asplitudes and periods of the firet ha)f-gcycle of the
P wave were devermined at 2% stations. These Obeervetions
were then oQquelised to the source dy taking into account the
effeet of the instrument and of the crust, and by eompen-
sating fer geemetriec spreeding and adeorption in the mantle.
The results of the seareh progrea are displayed in Pigure 9.5.



The obeerved equalized amplitudes are presented on the left,
the celculated asplitudes for the dest fitting orientation
of the focal axes on the right.

As has been pointed out by users of this technique,
the grephs of PFigure 1) 8re 8 two dimensional presentation
of whet in reslity 1s s three dimensions] figure; the
irregularities of the asplitude diagreas are 8 funstion not
of szisuthal dependence but of difference in the take-off
engle at the source. For example, Piguredd shows the veria-
tion in ssplitude ss & funoction of ssimuth ocorresponding to
the greatest ~nd to the least take-0ff sngle for the per-
ticular odbeervations uweed in the examination of this earth-
Quaite. While either curve 1s sso0th, it 15 reedily seen
thet AL reys corresponding to different talw-off angles are
plotted on 8 polar greph & quite irregular figure ean result.
snee the atar-1ike shape of the cheerved and esleulated
emplitude plote.

Wile for surfaes wmaves it 18 neesssary to presens &
rediation pettern in & geogrephic plane, this 408s ROt o00n
to DO neoessary, or even of partisular sdveniagy, for the re-
dustion and presentation of body wave asplitude date. A
pressatation in terms of the fees) &xee may b0 BIT L1m9tFwe-
tive.

In terms of sphericsl ecordinstes referred to the
o0uree axes, the amplitude of the P wmwe en the surfeee
of o ophere of redive R (000 oq. (1)) 15 givea ¥y




2'0 3im l# ¢ - R
Up * qreu' R K(¢ ') (6)

MQ 18 measured in the xy pisne, OF in the plane of
the forces, and O 13 msasured from the £ or B (null) axis.
The veristion with @ 1s the femiiler four-ioded P weve
rediation pettern. Both Q and © erv rvedily releted to
the azimuth and teke-off angles of o gliven rcy? through the
direction cosines of the mechaniss 8xes relastive to the
geogrephic axea. The amplitude slong 8 rey msking an angle
@ may in turn be reduced to the asplitude of 6 vy leaving
8 S0uUrce of the seme atrength 8t an angie 0 = TW/2 by
dividing the obeerved saplitude by 81ne. In this wey the
rediation pattern is reduced to the xy plane or plane of
the forees. Or, equivelently, one views the redistion
pettern from the D axis, looking towerd the xy plane.
Pigure 4.7 presents the amplitude date of the Nokksido
ear hquale in this fashion. One sees immedistely the effect
of the nodal 1ine and the degree of closeness of fit of the
obeerved P wave amplitudes with the celouloted amplitudes
for the »~ientation of the focus selected. One seed o8 we.],
ond mere grephically then in other presentstions, the limsite-
tion in the distribution of dats over the focel sphere.
Bven with good geogrephic distridution of cdeervetions, the
date peinte are spreed over darely & quarter of the xy plane.



In cases. however, where the distridbution in the xy plane
covers seversl quadrents (strike .u" feulting in & vertical
plane) & presentation 88 in Pigure may serve to identifly
the plane of feulting and the direction rupture propeget ion;
the 1odes will be ssymmetric, enlarged in the direction of
the rupture.

A fina)l reference to the Quantity k detsermined abdove
(eq. (8)). If we let X be an sverege velus of the emplisude
on the focal sphere, then

Tove = & tulo

snd sinee
lulﬁtgu
we have lulq(ﬂ““)
or R o log k ¢ Jog Kgq)e -
The valus of Koy , 18 Odtained by the relatien

X

. an ‘.S o A0
esle i7"‘3—_

Thue the velus of k may be used %0 determine & magaitude
dorived simultencously fren ssay cbeervetions of the P mw
eaplitude and corrected for the effeet of the redistioe
pestern of She sowres.

The sdove technigues sre being spplied systematicelly to
the study of earthquakes in the Kurile lslands and in Perv-
Bcusdor. The results will dbe helpful doth in support of focal
sechanise studies and in the detersinet ion of dominent sechanisas
of & region, necessary for estadlishing regionsl sechenisa cor-

rections.
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Titles to Fijures

Figure 1. Amplitudes of first half-cycle of the P wave,
corrected only for instrumental response,
Kodlak Island earthquake of February 6, 1964.

Figure 2. Amplitudes of first half-cycle of the P wave
corrected for focal mecnanism as determin-d
by Stauder (1550).

Figure 3. Amplitude oo i'irst half-cycle of the P wave
corrected ror adjusted focal mechanism. Solid
line is wne amplituce expected on the basis of
the Jelfreys-bullen travel time tables.

Figure 4. Conventional first motion of P and polarization
of S mechanism solution rfor the Hokkaldo earth-
Guake of October 25, 1965.

Figure 5. Ouserved amplitudes (left figure) equalized to
tne source, and the calculated P amplitudes
(right figure) for best fitting double couple
source, earthquake of October 25, 1965.

Figure 6. Variation in calculated P wave amplitude for

take-of an~"e~ ool

o A Nt wane . -
— [, hd <

&ad leasc Vaiwe OJ ~n Tor stations representved
in Figure 5.
figure 7. Amplitude data for the Hokkaido earthquake

reduced to the xy plane.
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10. Source Pesressters of Rarthguakes fros Spectres
of Rayleigh Weves
A. Udias
A. Length of Pult and Velocity of Rupture.

Ben-Nenahen (1961) has developed the express.ons for
the fer field displscesents of Rayleigh waves rediasting fros
8 propagating fault of finite dimensions. The mode] of the
fsult 1s & surfece of length b and width d. The propagating
frecture is represented by 8 point source propagiting along
the b dimension with s velocity v snd redisting energy &8s
it propagates. Por & vertical strike-slip fault snd s prop-
agating doudle couple the displscement of Lhc vertics)l com-
ponent of the Rayleigh wave is given by

R+ 2 gl 2ptepe ¥

)('l'z !%Efl('ga»-a cuxlg) (2)

The effect of the finite dimensions is included in the
factor Xy (w ,9). To isolste this factor Ben-Mensiesm de-
fined the directivity function, D, ss the rstio of the spec-
trel amplitudes of the surfasce waves corresponding to waves
leaving the source in opposite directions.



D' !:‘(‘) = ”XJO) !g““!

Wiore) s Xg(000) Xalo) ()

Since ths oaly factors which depend on @ in eq. (1) are
ain Kp/Xy ond sin @, we can generslize the expression for
the directivity to be the ratio of the spectrel amplitudes
8t WO stations corrnponding to reys leaving the source

with an srbitrery angle, & , betwren thes. Thu

B~ .‘%&Lg (- codf($ - oo ®)
U'lew) "‘7‘&(% M(‘Q -méum..)
Minime 1in thia function occur at 2wwos of the numseretor,
that $s, at values of the orgﬁnnt of the sine function

lb"

c (CJ“.“) ‘“’ ’ ﬂ.“' l.ooo-
N

Maxime occu at zeros of the dencainator, or for
“___“ s‘ - ¢ot(00¢g e WW , s 6,2,
Ca v

The values cf the frequency st which either saxims or

mainime occur csn be used to deteraine the fault length b.
Por exssple, for the “ order extress

Co . ——Co
4“,[‘-}-“;(0“)] ) :n(%.g..o)

be
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The directivity function, D, as defined originally
(eq. (1)) wes used with R or 0 waves of consecutive order
recorded at the same station. This procedure ainiaizea
the souroes of error, but reduces the use of the mssthod to
carthquakes sufficiently .isrge to generste return surface
wWaves Or wmaves which circle the ear.n msore than once. In
theory nothing prevents using direct Rayleigh or Love wmvea
recorded at different stations distridbuted at arditrery
but Mffering azisuths adbout the ~aicenter. In this event
the more generel directivity function, R . (eq. (8)) ap-
plies. Allowsnce must be : ade, Of course, for differences
in epicentrel distance, path of propagstion, etc. This
procedure meites it possidle to epply the metho! to earth-
‘Quakes smsller than N = 7,

The sdvantage of applying the more genereliszed expres-
sion for the directivity is that stations csn de selected
at which the Rayleigh waves sre weil recorded without the
constreint of being 180° apart in azimuth. Since the
directivity function is norsslised, the amplitudes in the
spectrel retios must de reducsd to a common distance. Thias
s done through the equation

Koe a(BR)aasr

’lﬂ“,

Ac an example, the method here proposed is applied to
the Aleutian Island esrthquake of July &, 1966. The two
nodal planes Of P are assumed t0 be known, and sre talken



Froa Stauder (.90 ;. “ik. +L .1 shows the orientations,
Ast and BB, of liwace Dilatws and 8180 indicates the stations
and their distrivution about the source at which the direct
Rayleigh uwaves were used in the aralysis. The Rayleig™
uaves at these stations were digitized and a Pourier anslysis
msde Of the digitized data. In thia process care must de
taken tO select & suitadle time window, for it 1o important
t0 exclude from the snalyais any interference froa later
arrivala, latersl refractions, etc.

Given the spectira, 88 many cosdbinstions ss possiole of
spectral retios are foiaed. By application of equation (s),
repeated froa asbove

b ca . A (5)
LD -corioed] £ (S -wee)
8 value Of b can be odtained froa the first maximus or first
ainisus of sny one of these spectral rntioe. In 80 doing
it 18 neceasary to sasume 8 value of v, the velocity of
rupture. In fact, when using only the asplitude portion of
the spectrs there 1s no independent way of determining the
fracture velocity, v. However, if many ratios are used for
the calculation of b, we may sssume different values of v
and froa these select that v which givea the least standard
error for the mean value of d. In this manner we odbtain a
simultaneous estimate of dboth b and v,
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A by-product of the method when & sufficient number of
stations around the epicenter are used ia the determination,
through the proper choice of O of the plane of faulting from
the two nodal pilsnes and the direction of fraclure.

Pigs .10.2 & 1L.: show two exaauples ol the spectral
retios for the earthquake o. Juiy &, 1Y06. The points in
the figures are obaervational values of the spectral ratio
for the paira of st.tions indicated. The 80114 lines are
the computed directivity function for the fault length,
frecture velocity, and direction of fracture assumed for
the beat fit to the data. While tnere is some variation in
the observed froa the computed spectral ratio, the minima
and maxime are well defined. FPor this Aleutian Island earth-
Qiake the NS atriking pléie 18 selected as the plane of faulte-
ing, with the fracture propagatirg soutnsard. This 1is in
keeping with the interpretation of Lils earinquake as an
arc-arc transform fault.

P1g.10.8 showa & similar applicetion 1o an earthquake
in the Azorea. Tne focal mechanism was deteruined by Sykes
(1967). The esrthquake 18 strixe-slip, with epicenter on
& fracture zone.

B. Seismic Moment.

The aeisnmic moment is calculated following the work of
Aki (1966) and the theoretical results of Ben-Nenahem and
varkrider (1964) from the spectral aaplitudes of the vertical
component of the Rayleigh waves al perlods sufficiently large
that the point source approximation of the source is valid.
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Assuming a step furction Icr the source time function the

value of the moment 1s given by

YY‘

M < [U(u)](z.mr)y‘ Ce 2

. (7)
Neo | X_m\

U(w) 1s the spectral amplitude, r the distance, Y the atten- -
uation coefficient, Cr the phase velocity, N,, the Rayleigh
wave cinglet transfer function and X(@) the radiation
pattern function as defined by Ben-Menahem and Harkrider.

For the earthquakes studied here we calcul‘ated the moment
at two values of the period, 100 and 50 seconds. For these
periods the uncertainties in the assumed phase velocity and
attenuation coefficient are small. The results are given

in Table 1.

C. Stress Drop, Seismic Energy, and Average Dislocation.
Values for the stress drop, o , and average dislocation, -
W , have been found from the above determined values of the

moment and fault length using the relations

_ M. M,

rad AL JA (9)

where (10)

aran & T
The value of /A was taken as 3.3 x 10" and the fault width =
equal to 10 km for the Aleutian earthquake and 5 km for that

in the Azores. The results, again, are given in Table 1.
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Titles to Figures

Orientation of nodal plenes, AA', BB', and
azimuthal relation of statlons selected for
surface wave analysls, Aleutien Island earth-
quake of July 4, 1966.

Spectral ratio for station pair ATU/AFI.
Plotted polnts correspond to observational
value: so0lid line to the theoretical spectral
ratio for the values of b and v indicated,
Aleutian Island earthquaxe of July 4, 1966.

Spectral ration for station pair ANP/BHP,
Aleutian Island earthqguake of July 4, 1966.

Spectral ratio for station pair TRI/IST,

Azores earthquake of July 4, 1966.
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Regional Seismicity
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11. Southeast Missouri Seismic Network
Ram Agrawal

The immediate objective of this research ha:s been to
study the selamicity of the New Madrid zZone on the basis of
small earthquakes (2.4 { m, ¢ 3.5) recorded by portable short-
period sensitive seismographs. The long-range goal is to
determine the relationship of the spectral properties of the
seismic waves to the earthquake parameters, especially fo-:al
depth and magnitude.

Geology of the New Madrid Area.

The area, geologically,is essentially confined within
the borders of the northern part of the Mississippi embay-
ment. This embayment is a broad northward extension of the
Gulf Coastal plain. This area is bounded on the west and
north by the Ozark Uplift, and on the east by the Illinois
Basin. Both of these major features are made up of sedi-
mentary rocks of Paleozoic age. Structurally, the embayment
is a large downwarped region of Paleozoic rocks opening to
the GQulf of Mexico, filled to the level of present surface
with deposits, mostly unconsolidated, ranging in age from
Cretaceous to recent. A schematic geological cross-section

W-E at latitude 36°N is shown here.
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Floctorlesn (alluviom) - 3GA0L, // Tertiary Foramstion
// ( irown shert sravel,eray clay,ssnd )
nast ./ Cretyceous - lehairy Furnation

Led-rock (liississippian Limestone)

Location of Stations

A three-station seismic network has been operating in
western Tennessee since October 1969, with the following
specifications:

Samburg(S)

Long.: 89.3O3OW

Lat.: 36.416°N

Elevation: 135 meters.

The station is on Tertiary rock. Recording 1s on mag-
netic tape, played back in the laboratory on a Brush oscillo-
graph. Three instruments; one vertical component, one hori-
zontal N-S and another horizontal E-W, are operating. The
natural period, and peak magnification of the instruments

are as follows:

East
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Natural Amplifier- Peak Prequency

Instrument Period Gain Magnification at in cps
Vertical 1 sec 150 33K 13.5

500 106K 13.5
Horizontal (N-S) 1 sec. 150 63K 11.0

500 208K 11.0
Horizontal (E-W) 1 sec 150 47K 12.0

500 146K 12.0

The noise level at Samburg has been found to be 5 millimicron
peak to peak at 11.0 cps.
Lassiter (L)

Long.: 89.352°W

Lat.:  36.330°N

Elevation: 108 meters.

This station, about 11 km distant from Samburg on Ter-
tiary rock, consists of one vertical component seismograph
with natural period 0.4 sec and peak magnification is 110K
at 2.5 cps. Recording 1s on an Autocorder.

Tipton-iille (T)

Long.: 89.507°wW

Lat.: 36.443°N

Elevation: 85 meters.

A vertical component seismometer with natural period
1 sec 18 located on alluvium at a distance of 18 km from
Samburg. Recording ic on magnetic tape.

In addition, another station is operated in Missouri

about 80 km from the three in Tennessee:



ay1e

Greenville (G)

Lonyg.: 90.595°w

Lat.:  3$7.05°N

Elevation: 105 meter

A vertical component selsm: meter with period 1 sec and
peak magnification 105 at 2.9 cps recorded on an Autocorder
is operated there,.

Epicenter Location Technique

From a model in which all stations are assumed to lle on
a horizontal plane and all crustal layers, of constant veloc-
ity, are assumed to be tounded by horizontal planes, two
computer proyrams have been developed for determining hypo-
centers:

(1) Usin; Pg-arrival times - t1, tps t3s ty at the four
stations (Westphal & Lange 1967). Where t; - time
of' arrival of Pg at the nearest station.

(2) Using Pg-arrival times at three stations and
(Ssz-Pg) interval at the nearest station.

Both programs compute focal depth, but only in a few
;ases were meanin,sful depths obtained. Selsmic events re-
~orded from March to May 1970 have been studled.

In Table 1-A and B epicentral coordinates, origin time
and focal depths are glven.

The folloring velocity structure (McEviily, 1964) was

used to locate the eplcenters:
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vP VS Density Thickness
6.1 km/sec 3.5 km/sec 2.7 gm/cc 11 km
6.4 km/sec 3.68 km/sec 2.9 gm/cc 9 km
6.7 km/sec 3.94 km/sec 2.9 gm/ce 18 km

8.15 km/sec 4.75 km/sec 3.3 gm/cc

The epicenters were located on the basis of one of the follow-
ing alternate assumptions:

1. depth less than 11 km

2. depth between 11 km and 20 km.

The results from the first assumption are given in Table 1A
and those from the second in Table 7B.
Interpretation of the Epicenter Plot.

Epicenters thus obtained were plotted. Most of the epi-
centers 1ie from 35° to 37°N and from 89° to 90°W. There are
two clusters of epicenters; one near the New Madrid bend of
the Mississippl River and another at the border of Missouri
and Arkansas. However, both clusters of epicenters lie along
a line running from S 35°w to N35°E, which 1s more or less
parallel to the course of the Mississippl River as shown in
Fig. 11.1. The epicenters in Fig. 11.1 are under assumption
1, above. This line of epicenters 1s in good agreement with
the line of epicenters based on historical data for 1811-1964
(Heinrich, 1941, Stauder, 1965, McGinnis, 1963).

The above line of epicenters is also in good agreement

with the direction of faults located by Mateker (1968) using
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gravity and well-log data. The events do not fall on any of
Mateker's faults, but in between the two that bound the
upper end of the embayment.

Depth of Focus

For two events, depth of the source has been found to
be around 12 km and that for one event 17 km. These are
expected values in this region. In three cases tentative
values of focal depth of 100-200 km were found. This 1is an
unexpected result and must be verified by further analysis.
The tentative spatial distribution of these six events along
the line of epicenters (S35°W to N35°E) is shown in Fig.
11.2.

Any definite relationship between the shallow and deep
focus events cannot be given because of the limited data.
For most of the events, computed depth of the focus has been
found to be imaginary. Thus, effort is still going on to
develop a method to compute the focal depth of such events.
It has been Jjudged that only if ‘he epicenter is within the
network and also very close to one of the stations, the
focal depth computed is reliable.

Time Residual in Pg-Arrival.

Residual in Pg-arrival times using three-station tech-
nique of epicenter location has been found to be about +
0.3 sec. But in four-station technique it is about + 2.0
secs, because of the limited control at Greenville station,

which is about 80 km from the tripartite network.
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Magnitude Determination.
There was no calibratlion functlon avallable to calculate
the magnitude of local earthquakes in the New Madrid area.
A relation for the calculation of magnitude has been developed
using Pg.
Development of the Magnitude Calibration Function.

Let us assume the magnitude relationship as follows:

A micron
mb = a+ l1log L\ (—SE—) + Db log D (km) (l)
where
A - ground motion in microns

period of Pg

D - hypocentral distance in km
b= n2+n?

h - focal depth

Q . epicentral distance in km.

a and b are constants
a - varies from event to event
b - depends upon the local geological conditions.

Thus, for about sixteen earthquakes log % and log D are
calculated at Samburg and Greenville, assuming focal depth to
be 12 km, and are shown in Table II.

Then log % vs log D curve has been plotted. The shapes
of the straight lines thus drawn for each event are measured
ag shown in Table II. The average slope turned out to be tan
65°% 1.e. b = tan 65° = 2.15.

The magnitude of the event of March 27, 1970, 03h uum,
was calculated to be 3.5 by Dr. 0. Nuttll using Pn. Taking

this earthquake as a standard one, a line of slope of 2.15
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was drawn passing through the point (log % , log D) for

A
Samburg as shown in Fig. 11.3. This line cuts log s axis
at 1.63 where log D = 1.0. Thus on substitution the vealues

of my, log % and log D in equation (1),

3.5 =a+ 1.63 + 2.15 x 1.0
a==3,78 + 3,50 = -0.28.

Therefore, magnitude relationship on the basis of 16 earth-

quakes using Pg becomes

micron

A
m, = -0.28 + log 7 ( ~ec ) + 2.15 log D

Magnitude of all the events were calculated using this rela-
tionship and are shown in Table II. The magnitude varies from
2.4 to 3.5.

Justification of the Magnitude Formula.

2 21m, was

The magnitude of the event March 27, 1970, 02
calculated to be 2.5 by Dr. O. Nuttli, and by this relation-
ship also it has been found to be 2.5. Hence the above mag-
nitude relationship seems to be reasonable; however, for
better magnitude relationship more data are needed.

Discrimination of Earthquake and Blast.

At about 100 km from the tripartite network there are
mining districts where frequent blasting is done. Thus the
discrimination of local earthquake and blast in the New Madrid
area 1s very difficult. However, the following criteria have

been used for discrimination:

1. On the basis of epicenter location. Epicenters of

some of the events have been found to be in the known

mining districts; for example, the events of Apr. 19,
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1970, 10h 11m, and Mar. 28, 1970, 07h 38m .

On the basis of appearance of seismograms. The seismo-

grams of strip mine explosions and local earthquakes

have been shown in Fig. 11.4. As a general rule, rec-
ords from industrial explosions in the Illinois-Missourl
area feature a well developed, short-period surface wave-
train, such as that seen in Fig. 11,4 b, which may

easily be recorded to distances of 200 km and greater.
The records from small carthquakes, on the other hand,
are notably lacking in the surface wave trains.

On the basis of ratio of Pg to Sg. Ratlimsof Pg to Sg

hawe been calculated for all the events and are shown

in Table II. It has been found that a) Pg/Sg £ 1 for

earthquake, b) Pg/Sg > 1 for blast. For example,

Pg/Sg = 1.71 for the event of Mar. 28, 1970, 07h 38m.
Seismicity of New Madrid Zone.

From the recording of Mar.-May, 1970, 1t has been found

that in a month six events occurred. In the following

table the number of events of a particular magnitude

are shown:
No. of events in three mo. My
2 2.4
3 2.5
3 2.8
1 3.0
1 3.2
2 3.5
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The range of magnitudes in the present data set is
too small to permit the determination of a meaningful slope

for the log N vs m, curve.

Conclusion.

On the basis of the earthquakes occurring from 1962-69
as reported by USCGS, it has been concluded that there are
only five events per year in the Southeast Missouri area.
However, this network recorded about six events per month
during March-May, 1970.

In view of this fact, though at present the results are
not complete, it 1s anticipated that continued recording will

result in a more accurate picture of seismicity.
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Table 1-A

Date 1970 gviﬁin Téme Long?pigggggflwcog:%%nigegegi_N Fogglxzepth Remark
March 18 22 42 31.39 90.13 35.93 X *
27 03 44 29.08 89.48 36.55 11.88 *
28 07 38 30.31 98.32 28.46 X *
April 08 06 03 50.26 89.53 36.53 X *
May 08 03 41 44.54 90.01 35.67 81.47 *
08 59 46.94 89.89 35.98 X *
10 29 48.63 88.43 35.92 X *
22 03 52 33.79 90.02 36.06 X *
23 50 37.69 89.63 36.16 11,22 *
23 08 O4 16.29 90.06 35.48 X *
11 24 03.97 89.82 36.63 X *
28 23 39 10.83 89.55 36.43 5.22 *
30 05 02 58.75 89.05 37.04 150.86 *
March 27 02 21 34.51 89.59 36.58 X #
03 44 27.79 89.51 36.60 18.10 #
28 07 38 29.47 95.82 30.77 X #
April 11 00 59 55.62 89.61 36.26 X #
14 ol 39 10.76 89.u4 36.33 11.83 #
19 10 11 23.37 86.77 40.11 X #

Vp = 6.1 km/sec
Vs = 3.5 km/sec

X - Depth Imaginary

* - Three Station Data Technique

# - Four Station Data Technique
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Table 1B

Epicentral Coordinates

Focal Depth
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Date 1970 H M S Long. In Deg. W Lat., In Deg. N in km Remark
March 18 22 42 31.38 90.21 35.93 X o
28 02 21 34.91 89.58 36.58 X *
03 44 29.07 89.49 36.57 11.44 *
28 07 38 30.29 96.67 29.98 X *
April 08 06 03 58.99 89.64 36.35 184.35 *
11 00 59 55.54 89.40 36.65 X *
14 O4 39 13.44 89.41 36.42 X *
May 08 03 41 58.44 90.02 35.57 81.08 *
08 58 46.89 89.89 35.92 X *
10 29 48.62 88.28 35.85 X *
22 03 52 33.76 89.16 35.67 X *
23 50 37.65 89.60 36.11 13.03 =
23 08 O4 16.28 90.08 35.35 X =
11 23 58.84 90.39 35.84 X =
28 23 39 10.71 89.51 36.41 17.12 *
30 05 02 58.61 89.95 37.09 157.18 *
March 27 02 21 35.05 89.58 36.57 X #
03 44 28.48 89.50 36.59 14.34 #
28 07 38 30.13 96.10 30.49 X #
April 11 00 59 56.47 89.59 36.28 X #
14 O4 39 12.01 89.43 36.36 X #
19 10 11 23.29 86.50 40.40 X #
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Spatial Disttibution of Focl.
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3.N. Date 1970 H M S in km b
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Figure 11.4. Comparison of records from BILLIKEN and
other small seismic sources of the Missouri area,
a; $top) BILLIKEN record at DeSoto, Missouri,

b) (middle) strip mine explosion, also recorded
at DeSoto.

c) (bottum) small local earthquake recorded near
Poplar Bluff.
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