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In practical applications discrimination analysis is applied
by deducing a discriminant from a data sample., The error rate on
the data sample is often taken as a measure of the quality of the
discriminant, However, there is no guarantee that the error rate
on new test data will be the same as on the sample data. There are
no known results from statistical theory becaring on this question;
theretfore the only way to discuss the question is by simulation.

A method has been developed to generate data vectors with any
desired mean and covariance structure. Thus a discriminant may be
designed on a data sample, and tested on test data drawn from the
same population, In this report we consider only the linear Fisher
discriminant applied to populations with equal covariance matrices.

Figure lu shows a sct of actual Mg-mp observations, consisting
of 38 explosions and 46 earthquakes. Note that, surprisingly, the
explosions show the greater scatter. The covariance structure of
these data were calculated, and the new data with the same covariance
structures were generated., Two samples are shown in Figure 1lb and lc.

Table 1 shows the results of designing Mg-my discriminant lines
on varying numbers of earthquakes and explosions. We see that the
average error rates on new test data are somewhat greater than on
the sample data., We note also, however, that there is a substantial
probability of two-four times the error rate on the new test data as
on the sample data. We note also that the error rate is somewhat
larger if fewer points are used in the sample set. These results are
as would be expected from simple intuitive arguments.

Table IT shows the result if normal random numbers are added
as a third discrimination variable. The two-dimensional discrimi-
nation ability is apparently not at all degraded.

Table III shows the result of adding in the third dimension a
normal random distribution with different means for the earthquakes
and explosions. We sec again that the error rate is greater if there
arc fewer points in the sample set, and that, for the 10 earthqukes
and 10 explosions case, the error rate on the sample is much less
than on the test data,

Table IV shows analogous results for the 7-dimensional data of
Booker and Mitronovas. Again the error rate is greater for the new
data and for the cases with fewer sample points.

Table V presents a further breakdown of some of the Booker-
Mitronovas results, and we see that if we ask for the 90% confidence
level for the error rate on new data, given a sample of 20 earthquakes
and 20 explosions; then the answer must be 35-40%

The main object of this exercise is to illustrate a method which
can be used to analyze the stability of discriminants which are
proposcd by future workers,
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10 EQ
10 EXP

20 EQ
20 EXP

Discriminant Line

mb-Ms CT

-13.5,10,8 =14.7
- 9.3, 8,3 - 5,3
-12,6,10,6 -11,3
- 5.6, 4,6 = 5,6
-12.1,10.1 =-11,3
-7.40,6,92 - 4.8
- 6,5, 5.8 - 4.4
-12,3, 8.7 =19,2
- 8,9, 8.1 - 6.1
- 7.4, 6,6 = 5,4
Plus 30 more

- 9,3, 8,2 - 7.2
- 7.3, 6.3 - 6,1
-10.1], 9.0 - 7.3
-10.1, 9.1 = 7.1
- 6.9, 5.4 - 7.4
- 9.8, 8,5 - 7.7
- 6,3, 5.0 - 6.9
- 8.8, 7.3 - 8,7
-11.6, 9.4 =12,6
- 5.9, 5.2 - 4,7
Plus 30 more

TABLE 1.

Errors (Sample)

Errors (New Data)

EQ EXP EQ EXP DSQ
0-10 0-10 6=-100 10-100
0-10 1-10 12-100 5=-100 .
1-10 1-10 4-100 12-100 .
0-10 2-10 2-100 8-100
0-10 1-10 6=-100 18-100 .
0-10 1-10 2-100 17-100 .
0-10 3-10 2-100 12-100
0-10 0-10 4-100 26-100 .
0-10 1-10 2-100 13-100 .
0-10 1-10 4-100 18-100 3.5
.01 .11 .04 .14 4.3
.012 .097 .038 .134
0-20 2-20 2-100 14-100 4.1
1-20 4-20 2-100 9-100 2,8
1-20 3=20 3-100 10-100 4.1
1-20 2-20 1-100 7-100 3.9
1-20 1-20 19-100 8~100 2.0
1-20 2=20 2-100 6=100 4.0
0-20 4-20 11-100 11-100 2,7
0=-20 2-20 1-100 14-100 4.3
0-20 1-20 3-100 20-100 5.8
1-20 5=20 1-100 1.-100 2.7
.03 .13 .04 .11 3.8
.022 .11 .032 .112

Simulation my-Mg ( Parameters derived from

30 EQ, 46 EXP).

Theoretical error rate 0.074.

e RS

SeREe



Discriminant Plane Errors (Sample) Errors (New)

m M, N(O,1) cT EQ EXP  EQ EXP DSQ
-16.6,14.9 -1.8 -19.1 0-10 0-10 2-100 16-100 8.3

- 7.6, 6.2 .1 - 6.9 1-10 1-10  6-100 5-100 2.7
-20.8,17.5 .6 -17.0 0-10 0-10 4-100 10-100  11.9

- 9.7, 8.3 -.4 -10.6 0-10 1-10 2-100 14-100 3.4

10 Q@ _16,1,13.3 -1.72 -23.5 0-10 0-10 2-100 19-100 9.1
10 EXP 15 9,12.1 - 11 -19.8 0-10 1-10 1-100 20-100 7.7
-23.8,20.5 -'.1 -19.4 . '0-10  0-10 2-100 6-100  11.5
-18.4,17.0, 3.2 3.9 0-10 1-10 16-100 9-100 5.9

-11.6, 9.2,-1.8 -19.1 0-10 1-10 8-100 13-100 3.9

- 8.4, 6.9, .57 - 6.4 0-10 1-10 1-100 9-100 4.9

, .01 - .06 .04 .12 6.9

Plus 30 more .012 .082 .054 120

0-20 2-20 7-100 17-100 5.6

0-20 0-20 2-100 9-100 9.3
20 EQ 1-20 2-20 5-100 15-100 5.6
20 EXD 0-20 1-20  4-100 13-100 3.9
0-20 2-20 3-100 9-100 4.3

0-20 3-20 3-100 12-100 3.0

0-20 1-20 0-100 14-100 5.8

1-20 §-20 2-100 12-100 2.6

2-20 3-20 0-100 7-100 3.0

0-20 1-20 1-100 13-100 5.6

.02 .10 .03 .12
Plus 30 more «017 .096 .029 126
EQ

TABLE 2 , Simulation mb-Ms-N(4,1) EXP

Theoretical error rate 0.074



Errors (Sample) Errors (New)

EQ EXP EQ EXP_ DSQ
0-10 0-10 2-100 9-100 15.8
0-10 1-10 5-100 2-100 5.7
0-10 0-10 0-100 8-100 16.3
0-10 0-10 1-100 11-100 6.8
1082 410 0-10 0-100  7-100 16.5
10 EXP g.10 0-10 2-100 11-100 11.7
0-10 0-10 2-100 2-100 15.4
0-10 0-10 10-100 10-100 8.6
0-10 0-10 5-100 4-100 12,2
1-10 0-10 0-100 6-100 5,9
o :gia :g;o :834 :823
0-20 0-20 2-100 8-100 7.62
0-20 0-20 0-100 2-100 14,1
1-20 1-20 0-100 4-100 7.8
20 EQ  0-20 1-20 3-100  5-100 6.0
20 EXP 0-20 1-20 3-100 2-100 6.2
1-20 1-20 1-100 5-100 6.5
0-20 0-20 2-100. 8-100 9.5
0-20 2-20 2-100  5-100 4.7
1-20 0-20 2-100 2-100 7.4
0-20 1-20 0-100 5-100 9.0
E :gfs ;322 :8:# :gfb
EQ N(4.0,1)

TABLE 3. Simulation mb-MS EXP N(6.5,1)
. ’

Theoretical error rate 0,026



Erxora (Samplo) Ecrors (New)

E__ —EXE )+« I .| I, g i}
0-10 1-10 19-100  23-100 2,62
1-10 1-10 36-100  20-100 2.70
10 B2 45 2-10 17-100  20-100 5.03
10 EXP 510 2-10 19-100  36-100 2.04
0=10 £=10 12=100 _34-100 .07
.06 .12 .21 .27
Plus 35 more .043 .092 .192 . 266
1-20 4-20 14-100  24-100 1.6
0-20 5-20 18-100  28-100 2.17
3-20 1-20 40-100  16-100 3.29
20 gq 120 3-20 6-100  21-100 3.35
2 mxp 2-20 2-20 9-100  22-100 3.53
3-20 2-20 20100  20-100 1.67
2-20 4-20 17100  20-100 1.76
0-20 2-20 10-100  20-100 4.12
0-20 2-20 12-100  14-100 3.94
1=20 =20 24=100 23490 3.04
.06 .14 .16 .21 pmax 2 -0f,
Repeat 045 15 14 «23 (200 inatead of 160

in each test)

Table 4, Booker and Mitronovas data 20 EQ, 27 EXP,
7 dimensions, error on original sample data:
EQ, .05, EXP, .037, DsQ = 2,20, Theor, error,0.15.
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—lXP orrors/20

3,000,1,1,2,0,2,1,2 11,9,06,5,6,11,9,7,7,4
2,1,1,0,0,1,0,0,0,1 7,6,4,7,3,2,%,8,4,5
503020204,2,6,4,2,3 2,1,9,4,5,3,5,5,5,4
1,0,1,0,1,2,1,0,0,0 7.,4,4,7,4,3,4,4,4,4
90503:302,2,5:2,3,1 6,1,4,6,7.3,4,2,5,7
3,6,5,4,6,7,0,7,4,1 4,3,5,5%.4,1,5,4,1,2
P090406,8,3,4,7,7,9 4,2,2,2,2,5,2,5,1,0
202,4,1,0,1,2,2,2,) 6,6,5,3,5,5,3,3,5,3
$0€0204,5,2,1,4,3,2 $,6,6,5,3,7,4,4,5,)
56504,4,9,5,3,4,4,8 | 10,7,5,4,6,5,8,9,3,5

Eeroks muc of 20 6 7 @& 9
tumtber of cases 4 5 2 1

Esrors out of 20 6 7 8 9 10 11
Numier of cazes 10 8 3 4 1 2

one chanee in 10 of missing 7 or more] One chance in 10 of missing 8 or morc
et of 20 or 0,35 error rate, out of 20 or 0.40 error rate.

poocker and Mitronovas data 20 £Q, 27 EXP, 7 dimensions,
vrror on sample data; £Q, .05: EXP, .037, DSQ = 2,20,
Theoretical error rate (,15, Average simulatod error

rato 0.19, Sample of 20 1Q and 20 EXP used to determine
each ajserininatien line. A differont discrimination
lire is used in eich row of these tables,
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ABSTRACT

A summary of seismic source representation theory can be most
economically given in terms of the Green's function solution to the
equations of motion for an elastic medium, In this paper, the equations
of motion are reduced to wave equations containing source terms. Their
integral solutions are seen to be composed of a sum of three integrals.
In the context of seismic source theory, the first of the integrals can
be used to represent applied forces or force equivalents of a tectonic
source, the second for tractions applied at the boundaries of the
medium and for dislocation equivalents of a seismic source, and the
third for initial value or relaxation sources corresponding to the
spontaneous release of stored potential energy. Either of the first
two representation integrals can be used to obtain the radiated field
from an explosion, while the third gives the field due to a tectonic
or earthquake source. Both the body force and dislocation equivalents
can be used to represent a tectonic source, but require an assumption
of the source time function while the initial value solution inherently
contains this information. Thus the latter solution can be used to
predict the spectral and spatial properties of the field from various
kinds of tectonic sources. Predictions of these properties of the
field from a tectonic source are given using the initial value theory
and lead, upon comparison with similar spectral and spatial properties
of explosive sources, to criteria for the discrimination of earthquakes
from explosions,
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INTRODUCTION

The plan of this short paper is to present in abbreviated form
the theory of seismic sources as it applies to the problem of discrimi-
nating earthquakes from explosions. Very detailed discussions of source
theory have been given by numerous authors, and the reader is referred
to Archambeau (1968, 1970a, b) for reviews of past work and extensive
references, as well as a more detailed discussion of some of the results
to be presented in this discussion,

Basic theory

It is not difficult to show (e.g., Archambeau, 1970b) that the
equations of motion for a homogeneous ‘elastic medium can be represented
by wave equations involving potentials Xgr & = 1, 2, 3, 4, such that

sz - d 32 = =47 (1)
a " TT ;7 e QU -+
o

The displacement field is connected to these potentials by the equation
of motion itself, and in regions in which the source functions q, are
identically zero (a confined source), we have

2
2 _20xd4 L2 5
32 % T Ve EG T Pk Sigkomyg Xk oc e 2

Here u. is the dlsplacement, the dilatation, and x,, k = 1, 2, 3
are thd three cartesian componénts of rotation. Also v, ¥s the compres-
sional velocity and all the vk are equal to the shear velocity. The
summation convention applies to repeated roman indices throughout this
discussion, while greek indices, when employed, are not subject to

the summation convention,

We are concerned here with the representation of the radiation
field from basically two kinds of seismic sources, applied forces over
a finite region such as a pressure pulse over an internal boundary of
the medium, and stress relaxation sources associated with the spon-
taneous reduction of strain energy in the region surrounding a zone
of failure, In the latter case, we will assume that the nonlinear zone
is bounded by a continuous surface outside of which the medium behaves
elastically (at least to first order) and that the usual. continuity
conditions apply across this surface. We shall denote this boundary
surface by I, Further, even while the medium is prestressed, we will
neglect finite strain effects involving the prestress and radiation
field stress since these effects involve products of the prestrain
and the strain wave amplitudes which are both small (less than 10~
certainly), so that such products are negligible. Similar statements
apply to the applied force sources,

-1-
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In addition to equation (1), we note that it is necessary to
specify the equilibrium value of the potentials ¥xu. In the case of a
spontaneous rupture, in which a new boundary surface £ is in effect
introduced, the equilibrium value of the field must clearly be differ-
ent before the rupture than after, In fact, if we start with the basic
equations of elastic equilibrium in a prestressed medium, we find
that the difference between the equilibrium potential XZO) existent
b?igre intrcduction of £ and that after introduction of I, call this
Xn~’, is given by (Archambeau, 1968)

*
sza=0... (3)

*
where y, = xéo) - xél) is the difference in the potentials., Thus
x§ is harmonic, This potential serves as 8? initial value for Y,
since initially x, must have the val i X , but finally (after a
long time) it must reach the value ¥ ).” Thus we have what is nearly
the classical initial value problem, in one dimension analogous to
the mass on a spring initially displaced from equilibrium, except
here the initial displacement is not arbitrary but must satisfy (3)
since we are not supplying an external force to the medium., In all
cases, we can solve such initial value problems by a Green's function
method and simultaneously obtain the applied force solution,

In particular, the general solution to (1) is (e.g., Morse and
Feshbach, 1953)

t+
Xo (Xyt) = f dt fv G,(r,t; ry, t ) q,(r, t,) drg
1 ([t
+ Z?.fo dtofS {Ga[voxa] - [xa]VOGa} + dS (4)
t+ oG ax
1 f [ ) a o
+—T' dt F—{X 'G }dr * o o
v 0 °0Jy 9t "¢ 5?; o 5?; -0
where Ga(z, t I to) is the Green's function given by
v2g -3 o? G = 4ns(r - r ) 3(t-t.)
o la 3:7 o - =0 )
a o)
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This solution contains the entire representation theory for seismic
sources. Since we are interested in the source itself and not in the
effects of any layering (internal boundaries), etc., we can take Ggy

to be the infinite space Green's function whose form we know imme-
diately. Reflections and so on from internal and external boundaries
may be treated separately once we have the solution of (4) with the
infinite space Green's function (Archambeau, 1968). The terms in
brackets, such as [xq], appearing in the surface integrals over S
denote the changes in the bracketed quantity across any boundary, Thus
[Xq] = xa(2"), for example, denotes the change in xq in going from the
inside of £, denoted I*, to the outside, denoted I~. The coordinates
r and t are the observer's space-time coordinates while r, and t, are
the source space-time coordinates. The solution (4) essentially
expresses the idea of superpositions.

We can interpret each of the integrals in terms of source repre-
sentations. The first integral in (4) can be used to represent the
effects of any force distribution impnsed upon the medium by some
external agent, Or it can be used to represent, by appropriate choice
of qq, a force system equivalent to an earthquake, if by some other
means we determine what force system is appropriate. We have found
from observations, for example, that at long periods the radiation
from an earthquake is quadrapole in form so that for low-frequency
radiation we can use a qq appropriatc to a double couple to obtain
an equivalent spatial pattern for the field., At higher frequencies,
observations suggest that a moving or propagating double couple point
or line source provides a spatial pattern which is close to that
observed (Ben Menahem, 1961)., Furthermore, this latter equivalent
reduces to a quadrapole field at low frequencies. Thus it is possible
to obtain a representation which provides a field in reasonable agree-
ment with the observations of the field's spatial characteristics. In
addition, some of the high-frequency spectral properties of the radi-
ation field associated with rupture propagation can be approximated,
Nevertheless, we are required to rather arbitrarily assign a temporal
behavior to the source term q4 and are consequently without a predic-
tive capability when using this approach.

The second integral can be used in an interesting fashion to
represent a tectonic source, as well as for representations of the
radiation field due to a distribution of applied forces or tractions
along a boundary of the medium. In the case of a tectonic source, we
can use the concept of a dislocation (Love, 1944)., In this case, we
define a surface, which again can be ¥, across which either xo or Vpox,
are discontinuous so that [x4] or [V xq] are non-zero. We can allow
this discontinuity to form along I in any manner we please, specifically
with any time or space variation we may wish to choose. Clearly if this
is the case, the integral in (4) over the surface I, will be non-:zero,
and by this means we can produce a radiation field. Then by choice of
the kind of dislocation and its space and time dependence. It should
be possible to obtain a fit to the observed radiation from a tectonic
source., This is clearly again an equivalent type of source, although
one with great intuitive appeal. In any case, we must go to the

-3-



observed radiation field from earthquakes in order to determine the
proper "jump conditions' on the dislocation and the time dependence
to be used., Considerable effort has gone into both the theory and its
fit to observations (e.g., Haskell, 1964; Maruyama, 1963, 1964). The
result is that many of the observed properties of earthquake radiation
fields can be approximated using rather plausible and simple assump-
tions for the jump conditions. Again, however, the theory lacks a
strong predictive capability since the representation requires speci-
fication of the entire functional form for [x,], for example, and a
large class of functions will fit the limited observations available,
Therefore, we cannot predict well outside the range of observation.

The third integral represents contributions from "initial values"
of ¥y« As we will illustrate below, this integral specifies both the
spatial and temporal dependence of the radiation field in terms of a
few parameters. llence, we need only specify the geometry and dimen-
sions of the rupture surface I, the prestress field, and the rupture
velocity in order to obtain the complete radiation field and are not
required to assume the form of an equivalent time function for the
source in addition.

As was previously noted, if the medium is prestressed and failure
occurs along a region enclosed by I, then necessarily xq must have an
"initial value'. Thus the third integral intrinsically represents a
tectonic source. We will develop this concept in somewhat greater
detail,

First, consider the simple case of the instantaneous fracture.
This example will illustrate the idea and also give us the solution to
the problem of a spherical rupture created at a rate greater than the
intrinsic speed of wave propagation in the medium. Specifically, an
explosive gencrated shock wave from a "point" source in a stressed
medium would give rise to a roughly spherically symmetric fracture
zone and if failure is totally controlled by the shock, created at a
speed greater than the compressional velocity. Thus the rupture would,
in effect, be instantaneous since no relaxation effects could occur
until after its complete formation.

We have from equation (4) and our previous discussion, the follow-
ing initial value problem for the instantaneous fracture

t+ 36 2%
YV r,ey - ﬁlf a-f‘c: [jv Oty 755~ O 752 L) dtge + o (8)

4mv
q 0

with

o o
Bxa -
dto t
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Here we only consider the relaxation or initial value part of the
solution in (4) and denote it by x(1), and use an infinite space
Green's function for Gy. Since the fracture is instantaneous, say

at time ty = 0, then the equilibrium field must change, the change
being by an amount x%(r), and this is the initial value for the
dynamic field at to = 0. The actual details of how the dynamic field
C?T?ges for all time is given by the solution of equation (5), where
X will be measured relative to the final state of equilibrium.
Now, in view of (5) and the associated initial conditions,

G, (r, t;r ,t.)
Xél)(z,t) = - ﬁz Jv X;(zo) - 7T C dzo .« . (6)
o] t =0
(o]

The evaluation of this integral solution for shock induced rupture in
a prestressed medium will be given in the paper on tectonic release.

It is an easy generalization to the case of a rupture proceeding
at some finite rate, or for the general case in which vp<vg. A detailed
treatment is given by Archambeau (1970b)., However, we can see that if
we consider a superposition of processes like that just described
separated by small time intervals, then we can simulate a continuous
process of rupture over a finite time interval. In particular, we
treat the initial value integral in (4) as a Stieltjis integral and
express it as

; G 9x T
(1) - 1l 1lim ol o l-¢
X, (r,t) = {](x - G, =) dr
o y 4""2 e-+0 v o 5to a to -0 B
9G 9x 1
2-¢€
| o - G arl) dr
Ay a Jdt aato -0 71‘5
|
I ( BGa )(ad t+ }
+ . 4 . ¢ X r'c r T |
\' e to & to = 1n+c

Here we have in effect broken the range of integration up into inter-
vals (tk, Tk+1) in which the integrand is continuous and evaluated
each of the time integrals., We have required that the integrand be
discontinuous at the times 7y, k = 1,..., n and these times correspond
to the instants of discrete growth in the rupture. Thus we require
that the x, appearing in the integrands be such that

LB Xy (Tm€) = X (1e)] = 6x% 4 0

-5-
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which gives discontinuities in the field corresponding to changes in
the equilibrium potential appropriate to a new, slightly changed,
rupture dimension., This is then just a sum of instantaneous events
separated by times Stx = Tk - Tk+1. We note that for each such event
no '"'velocity" is imparted to the system (pure relaxation), so that
(9xg/dtp) is continuous at all times. The previous result can now be
written as

X(l)(}:’t) = __1..‘. E aTk f (;X_g.
o 4nv; k=1 A

where we have multiplied and divided by dt,.. In the limit as Gtk + 0,
that is when the rupture process is contintious, we have

3G
M -

: g, 36,
) ) dr, « . . (7)
0 0

U(To-to) dto J

0 v

where U(To't ) is a step function and To is the time interval of
rupturing. TRe step function merely defines the time interval for
the completion of the rupture process,

The relaxation effects can be obtained from (7) (or from (§)
when v, > v_) once we obtain x% from an appropriate solution of (3).
Many sﬁch s6lutions exist in tﬁe literature (e.g., Landau and Lifshitz,
1959).

Seismic source fields

The simplest and often most convenient way of evaluating the
source ficld integrals (5) or (7) is in the form of a multipole
expansion in the frequency domain., Using the result for the equilibrium
displacements for a cavity in a medium under pure shear, given by
Landau and Lifshitz, 1959, we can consider the radiation due to relax-
ation around a moving spherical rupture zorne which translates as it
grows from a point to some maximum radius and then, as it continues
to translate, decreases in radius to a point again, marking the end
of a spheroidal rupture zone. Expressing the displacement field in
terms of the potentials x§, with coordinates at the center of the
moving sphere, allowing the radius appearing in the result to be an
appropriate function of time, expanding x§ in spherical harmonics and
finally expressing the spherical harmorics in coordinates fixed in
space at the point of first rupture (i.e. allowing thereby for the
rupture propagation effect), one has (Archambeau, 1964, 1968)
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by C. Archambean, in these procecedings. The solution has the same
form as does (8), with £ = 2 the only non-zero term so that it is a
pure gquadrapole field,

We can summarize the properitics of the radiation field for the
tectonic source given by (8) as follows:

1. At low frequencics, the £ = 2 term dominates, i.e., for
whel with L the rupture length,

2. At high frequencies, wl>1l, higher & valuc terms are important,
and the summed (interference) cffect is due to rupture propagation.

3. ‘The spatial radiation pattern is controlled entirely by the
p{estress when wh<l and by the prestress and the propagation effects
when wl>l, .

4. V- -type displacement is approximately two orders of magnitude
less than S-type displacements for tectonic sources at shallow depths.

5. The displacement (or velocity and energy density) spectrum
has an absolute maximum with the pecak frequency fpax depending on
fault lenght L and to a lesser cxtent on ruﬁture velocity vp. The
magnitude of the displacement spectrum at the peak is dependent
primarily on the prestress level in the failure region,

6. Other (lesser) maxima and minima occur at higher frequencies
amdl are due to rupture srowth ef fects. Asymptotically the displacement
spectrum approaches 1/wé at high frequencies and a constant for very
low frequencies.

It is of considcrable importance to the problem of earthquake-
explosion discrimination that these properities be contrasted with
the corresponding properities of an explosive source in a prestressed
medium, In the paper on tectonic release from explosions and earth-
quakes (Archambcau, in these proceedings), the details of the explo-
sive radiation ficld will be discussed and, on the basis of the
propertics of that ficld compared to those listed above, a number of
discrimination criteria are given. In this discussion, we will first
illustrate some of the properties of (8) obtained from computations,
and then supply evidence from obscrvations that earthquake radiation
ficlds do in fact have these properties.

Figure 1 shows the computed radiation pattern at a distance of
p = 301,5 kn for the translating sphere model. Both the phase and
the amplitude as functions of azimuth are shown at a period T = 1,25
scc. This period corresponds to a wavelength about equal to the
rupturc length used, so the patterns show the asymmetric radiation
duc to rupturc propagation cffects, Note that boch the phase and
amplitudes are distorted, The initial strains are shown in the figure.

Figure 2 shows the patterns under the same conditions as apply
to Figure 1, except that the initial strain field is different.
llience the pattern shape is scen to be very different., This, of course,
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is entirely as expected. It is worth pointing out that the dilatation
amplitudes in both Figures 1 and 2 are much smaller than the largest
of the rotation amplitudes, These two figures illustrate the smaller
P-wave amplitudes compared to S-wave amplitudes and the asymmetry
introduced by rupture propagation at frequencies such that wL = 1,

Figure 3 shows the radiation pattern due to rupture of the same
kind as in Figure 2, but in this case at longer period. Now we see
that the asymmetry introduced into the pattern shape by rupture propa-
gation has effectively disappeared, and the pattern is essentially
pure quadrapole, The period used is such that wL >> 1, and the first
term in equation (8), £ = 2, dominates. Thus as noted, the patterns
become simple quadrapole at long periods, and we see that the pattern
shape is frequency dependent.

On the other hand, Figure 4 shows the patterns at short period
such that wlL = 1, but, because we have taken the rupture to propagate
into the plane of the figure ('dip-slip'" case), there is no observed
effect on the pattern symmetry due to rupture growth effects. There-
fore, we see that the projection of the field into planes normal to
the direction of rupture propagation does not give a pattern showing
the asymmetry of rupturing. This is clearly what would be expected,
although could possibly be overlooked, since the effects of rupture
growth on the field pattern is such as to keep the propagation direc-
tion an axis of symmetry. Naturally, observations of the field in
the real earth could reveal the pattern asymmetry which exists through
observations of those waves emerging in the direction of rupture
propagation, but this would require observations at great distances
such that the least time paths starting from the near vertical at
the source were observed.

Figure 5 shows the patterns for an explosive source in the
prestrain ficld of Figure 4, and we see that the patterns at the
roughly 300 km distances are of the same form, The direct pressure
wave monopole component has been omitted here, Hence we cannot
expect to see any pattern differences between the anomalous field
from an explosion in a prestressed medium and the field from a
"dip-slip'" earthquake at these distances, and only at great distances
would differences due to rupture propagation appear. Of course,
differences in the dilatational or P-wave field would occur at all
distances due to the monopole component of the total field from the
explosion., This would also be true for the Rayleigh-type surface
waves,

The spectral properties of the field observed at a given distance
can be illustrated through computations based on a somewhat simpler
model than the propagating rupture model so far employed. In partic-
ular, for a spherical rupture developed at a rate vp < vy (Archambeau,
1968), we obtain the essential features of the spectrum for tectonic
sources,

Figure 6 illustrates spectra computed from such a model., We
show the spectra of displacement, velocity and energy all normalized
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to unity. The features of these spectra which are especially important
are the asymptotic behavior, the displacemens going to a constant in
the low-frequency 1limit and to zero like 1/w¢ at high frequencies, and
the peak in the spectrum, Thus we note, contrary to some of the pre-
vious models used for tectonic or earthquake sources, that the spec-
trum is not flat to zero frequency beyond some critical frequency,

but is pcaked and decreases quite rapidly beyond the peak frequency.
The details of the frequency dependence of this model are given by
Archambeau (1968). In a later section of this paper, we will show
examples of observed earthquake spectra which have the predicted
peaked spectrum behavior. In view of these results, as well as others,
there appears to be little reason to believe that earthquakes produce
the flat spectral character often used. One consequence of the fact
that the assumption of a flat spectrum to zero frequency does not

hold is that calculations of earthquake moments based on this assump-
tion of flatness will be in error. The error introduced will always

be such as to give too large a moment,

The peak frequency point, fpzx, depends on the rupture dimensions
(in particular L) and the rupture velocity, the latter to a lesser
extent, Thus it is an important means of determining rupture length,
and this in turn is an important means of discrimination since observa-
tions indicate that shallow earthquake mechanisms are such that the
rupture length for an earthquake of given energy will be much larger
than the source dimension for an explosion of the same seismic energy.
Figure 7 shows the nature of the variation of fp ;¢ with the rupture
dimension Rp. It is important to note that the location of this curve
depends upon Rg/Rs as well, where Rg is the radius of the zone in
which most of the relaxation of stress occurs. Archambeau, in these
proceedings on tectonic release from explosions and earthquakes,
discusses the interpretation and effect of Rg in greater detail,

Observations from seismic sources

In order to illustrate the verification of these predictions, we
will present a few observations, emphasizing those that bear most
directly on the discrimination problem,

Consider first the observed properties of the radiation patterns
from an earthquake. We will consider the Love and Rayleigh surface
waves from the Fallon earthquake, mp = 4.4; these patterns should
show the predicted properties of asymmetry at high frequencies, even
though these predictions were made on the basis of the body wave field
from the source. Figurec 8 shows the Love wave radiation patterns from
Fallon at four different frequencies. This data is from a paper by
Lambert et al, 1970. At a period T = 9 sec, we see that the amplitudes
to the northeast are larger than those to the southwest by a factor
of 3 or 4, We also note, however, that the amplitudes on the north-
west lobe are much smaller than those to the southeast and in fact
smaller than on either of the other two lobes as well. We interpret
this latter asymmetry to be due to scattering by lateral changes in
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structure, since the Sierra Nevada lies across the path to the north-
west, while the former asymmetry is interpreted as due to rupture
propagation effects. The validity of this interpretation is strongly
supported by the behavior of the pattern as the period becomes larger
since we see that the small amplitude on the Sierra side remains

while the asymmetry in the northeast-southwest lobes decreases steadily
for longer periods, as is predicted for rupture propagation effects.
The very efficient propagation of the surface wave energy across the
interior of the continent to the east coast is a structural effect.
Once the waves pass beyond the Rocky Mountains, they are not severely
scattered and appear to be controlled first by a crustal wave guide
(short periods) and then by a mantle wave guide at longer periods.

The theorectical pattern is shown for reference and corresponds to a
simple double couple at 4 depth h = 20 km. It has the same form for all
periods since no rupture propagation effects were taken into account,
Even so, the agreement is quite good, especially, of course, at the
longer periods.

Figure 9 shows that similar effects occur for the Rayleigh waves
from Fallon, although the patterns are more sensitive to fault orien-
tation and structure, Thus the theoretical double couple patterns
computed using the fault parameters shown (A = slip angle, § = dip
angle and ¢ = strike angle) show a frequency dependence due to the
rupture orientation and the local sturcture at the source. This
frequency dependence is mild compared to the variation with frequency
due to propagation effects. Again this shows up best through comparison
of the pattern at T = 9 sec with that at T = 12 or 16 seconds. Thus
we again see the propagational effect as predicted. In spite of this
effect, however, the fit of a simple double couple, oriented as
indicated, is quite good. The structural wave guide effects east of
the Rocky Mountains are again apparent from the pattern variations
shown.

These observations may be contrasted with those of Figure 10, the
Love and Rayleigh wave radiation patterns from the underground explo-
sion Bilby (m = 5,8). The patterns appear to be much more symmetric
and to show little if any rupture propagation effects. In this case
the Love waves are totally due to tectonic effects, while the
Rayleigh wave is a superpostion of the monopole contribution to the
dilatational field from the explosion itself, plus a quadrapole contri-
bution from tectonic release., In this case, the patterns are fit very
well by the theoretical model, These observations and the fit are
consistent with the theoretical predictions of the relaxation effects
due to a spherical rupture controlled by the explosive shock wave.

The details of earthquake spectra have been difficult to obtain
reliably since most instrumentation has been very band limited
relative to the spectrum from the larger earthquakes. However, broad
band, high-frequency instrumentation has been used to observed micro-
earthquakes, and it has been possible to obtain nearly the whole
spectrum for such small sources. This offers us the opportunity of
checking the spectrum of these sources with the predictions of a

-11-
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relaxation source theory. Figure 11 shows the spectra of three micro-
earthquakes in Anza, California, obtained by Sammis and Smith, 1970,
Only at the very high frequencies is the instrument response such
that there is some uncertainty in the spectrum. However, all the
lower frequencies are well recorded, and these spectra show the
predicted decrease in amplitude for longer periods and the associated
spectral peak.

Using these spectral peaks, we can >btain an estimate of rupture
dimension from the relaxation theory. A graph such as is shown in
Figure 7 can be used and for the cases Rg/R; = 2 and Rg/Rg = 10, with
vp = 3 km/sec, we can obtain bounds on tEe rupture dimensions. These
bounds represent the required dimensions for these sources under the
conditions that the failure is associated with a limited stress concen-
tration (Rg/Ro = 2) or under the condition that the stress was regional
and quite uniform before rupture (Rg/Ry = 10). Table 1 shows the
rupture dimension limits obtained in this way,

In addition to rupture dimension, the energy partition between P,
SV and Sl can be computed from the spectra for htese phases. These
values are given in the table and show that, as predicted, the P-wave
energy is roughly two orders of magnitude below the S-type energy.

Thus we have observational support for the predicted properties
of the tectonic source. In addition these properties suggest a number
of methods of discrimination between earthquake-explosion events,

Summary, with implications for discrimination

The theory discussed in this paper appears to fit the rather
limited observations of spectra and radiation patterns for earthquakes
and explosions quite well, By way of summary, we will consider some of
the consequences for discrimination between such events,

Figure 12 shows event magnitude versus characteristic source
dimension. This data was gathered from a number of sources and has
been discussed by Liebermann and Pomeroy, 1970, and by Liebermann in
these proceedings. The single point near m = ,6, L = ,05 km represents
the three determinations of rupture dimension obtained from the spectra
of Figure 11, This distribution of observations suggests, at least at
this stage, that there are both high stress, small rupture dimension
events and low stress, large rupture dimension earthquake events. In
spite of this, it appears that small magnitude explosions and earth-
quakes differ sufficiently in their magnitude-dimension relationship
so that discrimination is possible in the range around 3 < m < 5,
Above m = 5, this discrimination criteria is already well established.
Below m = 3, we have no indications from this data at least, but it
appears possible that the differences may extend below this level as
well,

In addition to this approach, however, we have several other
criteria which can be used. First we might point out that a simpler
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and probably more meaningful criteria related to m vs L (or mg, the
surface wave magnitude) is a criteria based on f,, (spectral peak
frequency) vs E (energy of the phase with spectra? peak at fpax).
Since we have seen that fp,x is simply related to L and E to the
magnitude, then we expect a similar earthquake-explosion source
separation as is evidenced for m vs L, Actually if E is plotted (on
the ordinate) against Tpax = 1/fpax, We would obtain a plot very
similar to that in Figure 12 if ﬂ and Tpax were obtained for one of
the S phases, one would expect the explosions to be lower than the
earthquakes, that is just inverted from that for a P phase,

In view of the differences in radiation patterns between earth-
quakes and explosions as evidenced in Figures 8 through 10, we can
use strong "high'" frequency asymmetries in the Love and Rayleigh wave
patterns and differences in the shape of the Rayleigh pattern at all
frequencies as discriminants. Further, due to the relatively high
excitation of S motion by earthquakes relative to P and similar
excitation of P and S for explosions, we can see the Love to Rayleigh
wave spectral ratio as a function of frequency to discriminante. For
L/R vs frequency, we should see a much larger ratio for earthquakes
‘than for explosions at long periods. This approach is also, of course,
applicable to the S/P body wave spectral ratio. These criteria are
investigated in more detail in the paper on tectonic release from
earthquakes and explosions in these proceedings.
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Figure 1. Radiation patterns for a propagating spherical rupture
with final rupture dimensions L = 1,5 km, W = .2 kn
(width). (a) Dilatation amplitude and phase versus
azimuth, (b)-(d) Rotation components, amplitude and
phase versus azimuth, Arrow in the figures indicates
direction of rupture propagation. Asymmetries in the
patterns are due to rupture propagation or growth effects,
Patterns correspond to radiation wavelengths A, = 4 km
and g = 2 km as compared with L = 1.5 km, The asymmetries
increase for shorter wavelengths and decrease (to pure
quadrapole) at long wavelengths., The patterns shown are
typical for A/L = 1, The patterns therefore change shape
as functions of frequency (Archambeau, 1968).
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Figure 2, Radiation patterans for the same propagating rupture model
used in Figure 1 but with a different initial strain field,
Note that the dilatation amplitude is much smaller than the
largest of the rotation amplitudes here and also for the
case shown in Figure 1 (Archambeau, 1968),
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Figure 3.

Radiation patterns for the same propagationg rupture
model of Figure 2, but at a longer pecriod. In this
case the pattern is nearly pure quadrapole in form
and the effects of rupture propagation are small, Ia

thi:)example A/L = 10 for all components (Archambeau,
1968).,
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Figure 4,

Radiation nattcrns for rupture propagation into the
plane of the figure. In this case projection of the
ficld onto the planc normal to the rupture propaga-
tion direction (symmetry axis of the ficld) does not
show rupture propagation effects at the distance

o = 301.5 km even though A/L ~ 1., This corresponds

to a "dip slip” fault configuration (Archambecau, 1964),



Figure 5. Radiation patterns duc to tcctonic relcasc associated
with shock controlled rupture (VR > vy) in a medium
having a pre-strain ficld thc same as in Figurc 4, The
monopole component (pure dilatational) duc te the explo-
sive pressure wave itsclf has bcen omitted so that only
the anomalous field is shown., The patterns arc scen to
be tihe same as for the dip slip configuration illustrated
in Figure 4 (Archambecau, 1964),
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hisplacement, velocity and energy versus frequency for
an equilateral spherical rupture. Rupture paranoters
arc chosen so that vp/vp = 1/2, Rg/Rg = 2, with Ry the
effective radius of strhin relaxation and Ro the Pixed
rupture zone radius., Spectra for this sinple model have

one naximun, unilateral propagating rupture models have
nany maxinma, with the largest corresponding to the maxinum
illustrated here. The spectruns correspond to the radiated
field to be observed at distances such that kr > 1, with

k the wave nunber and r the distance from the source origin
(Archanbeau, 1968).
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Figure 7,

fmexs CPO.

Plot of frequency at the maximum in the velocity spectrum
for the simple cquilateral spherical rupture as a function
of rupture radius R_, with rupture velocity as a parameter.
Here vp/vy, = 1/2 and Rg/Ro = 2. For larger ratios of Rs/Ro
the curvel move in parallel to the left, that is to lower
frequencies. For Rg/Ro infinite, a limit point is reached.
For Rg/Rg > 3 there is very little change in the position
of the curves with increases in this ratio. If the pre-
strained region is uniform over a large region around the
rupture, large values of Rg/Rg are appropriate, If the
rupture is in response to a localized stress concentration
thgn)luwor values of Rg/Rg would be expected (Archambeau,
1968).
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FALLON
OBSERVED LOVE WAVE THEORETICAL PATTERN
PARTICLE VELOCITY (my/sec) 1 OEPTH = 20 km
T + 9 SECONDS e Signal Unusable $:100 . NIO®
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Figure 8, Love wave radiation patterns observed from the Fallon
earthquake, my = 4.4, with period as a parameter, The
pattern shapes are affected by rupture propagation and
lateral variations in earth structure. The large ampli-
tudes to the northeast at short periods are due to
rupture propagation; the small amplitudes to the north-
west at all periods are the result of scattering pro-
duced by lateral variations in structure in going from
the Basin and Range structural province into and across
the Sierra Nevada. Theoretical pattern for a simple
double couple at depth h = 20 km, A = slip angle with
X = 0 horizontal, 8§ = dip angle and ¢ = azimuth angle
(data from Lambert et al, 1970)
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Figure 9. Fallon Rayleigh waves as a function of azimuth with
period a parameter. These patterns show basically
the same behavior as do the Love waves of Figure 8,
with somewhat greater complications due teo fault ori-
entation and structure effects. The theoretical patterns
shown are for a simple double couple at h = 20 km and
change shape slightly with period. The asymmetry associated
with the north-south lobes at T = 9 sec again appears to
be due to rupture propagation. The eastern U,S, again
appears to have period dependent wave guide characteristics
(data from Lambert et al, 1970),
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Figure 10,

Love and Rayleigh wave radiation patterns from the under-
ground explosion Bilby (mp = 5.8) at periods T = 15 and
20 seconds. The patterns show rather strong symmetry at
all periods and conform to the theoretical predictions of
a simple quadrapole source for the anomalous radiation

due to tectonic release. The theoretical patterns are from
a simple quadrapole or double couple source superposed on
a pure dilatational monopole and agree quite well with the
observed patterns, The factor F represents the ratio of
double couple to monopole source excitation (data from

Lambert et al, 1970),
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Figure 12. Body wave magnitude m versus fault length L determined

by a variety of methods and investigators. The point at

m= ,6 and L = .05 km corresponds to the magnitudes and
fault lengths determined from the microearthquake spectra
of ‘Figure 11. The point established by these observations
is in agreement with the Wyss-Brune curve and is the
smallest magnitude for which accurate fault length has

been determined, The data suggest both high and low stress
earthquakes in the low magnitude range (m<4.5) with
shorter faults for high stress events when both types

have the same observed magnitude. The relatively few obser-
vations of explosions suggest that the source dimension

is small relative to an earthquake of the same magnitude,
even for magnitudes m < 4,5, although clear separation
between explosions and earthquakes below m = 3 may become
less clear in view of the observations of high stress
microearthquakes (Liebermann and Pomeroy, 1970; Liebermann,
these proceedings, 1970).
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DEDUCTION OF SEISMIC SOURCE PARAMETERS
FROM LONG PERIOD WAVES

By

James N, Brune
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The deduction of source parameters of scismic events from
long period waves is herc discussed in connection with the problem
of detecting underground nuclcar explosions and discriminating carth-
quakes from explosions,

Several fundamental assumxtions may be taken as valid for the
purposes of this discussion. The first is that underground explosions
and naturally occurring seismic events are distinctly diffcrent as
seismic sources. Hence, if all seismic waves generated by the two
sources could be clearly recorded, there would be no difficulty in
distinguishing them. It is a generally accepted and experimentally
supported result that explosive seismic sources may be approximated

by a more or less symmetric pressure pulse, whereas, earthquakes may
be approximated by a more or less complicated superposition of shear
couples. Thus explosions cause relatively symmetric radiation of
seismic waves, whereas earthquakes cause very asymmetric radiation
with many nodes and changes in phase. In addition explosions generatc
seismic waves with much greater relative high frequency and compres- -
sional energy than do earthquakes.

Given large numbers of high quality seismographs operating at
close distances to seismic sources, there would be no difficulty in
detecting and identifying explosions as small as a fraction of a
kiloton in yield. In practice detection and identification of small
underground explosions is made very difficult by constraints imposed
on the available data. The main constraint is the combined effect

of seismic noise level in the earth and political and economic

limitations on the locations and number of seismographs. A typical
problem is posed by the condition that for some possible underground
explosions, no seismographs may be located nearer than 30°, Other
limitations might be caused by difficulties in recording in the oceans.
In the presence of seismic noise and such constraints there will be
some lower yield limit below which explosions cannot be detected or
identified. Special arrays and special processing will allow a
significant increase in signal-to-noise ratio but it is probable

that even a large investment in arrays of instruments and sophisticated
processing will not increase the signal-to-noise ratio by more than a
factor of 10,

To orient the discussion toward the role of long period observa-
tions in the problem of detecting and discriminating earthquakes from
explosions, consider Figure 1. This is a figure comparing amplitude
of ground noise with amplitudes of surface waves and bcdy waves corres-
ponding to certain magnitude siesmic events.

The ground noise measurements are from Brune and Oliver (195¢),
Haubrich (1967), and Haubrich (1970). They show a sharp peak in
ground noise at periods near 6-8 seconds (storm microseisms) with
noise sharply decreasing to longer and shorter periods. There is a
minimum in noise near 25-40 seconds period and then a sharp rise to
longer periods, Beyond periods of 20 seconds these ground amplitudes
were computed from the noise spectral density curves of Haubrich
(1970) assuming arecording band width of 172 cph, the approximate
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bandwidth of the instruments first used to study the noise in this
period range (Pomeroy, et al, 1969). This longer period noise is
apparently not of the propagating wave type (as for periods less
than 21 seconds), but is presumably related to atmospheric effects
(Maubrich, 1970). Superimposed on the noise figure are ground
amplitudes for various magnitude events at A = 30° as defined by
the mp and Mg magnitude definitions (Richter, 1958). Also shown is
the average fundamental mode surface-wave-ground amplitude expected
at A = 30° for a double couple strike slig point source located at
depths of 0 and 10 km with a moment of 1022 dyne cm (corresponding
to Mg ~ 2.5). This curve was estimated using the numerical surface
wave excitation results of Harkrider (1970) for a shield structure.

The main point of interest in Figure 1 is the minimum in seismic
noise which occurs at a period of about 30 seconds. Because ground
amplitudes of seismic waves from events with depth ~ 10 km do not
vary as rapidly with period, the minimum is also a maximum in signal-
to-noise ratio for these events. For very shallow events the ampli-
tudes near 20 seconds period are higher and signal-to-noise ratio
is nearly constant between 20 and 40 seconds.

Given 50 good long period stations distributed around the world,
what sort of detection and identification capability might we
ultimately expect? As u result of previous studies three possible
discrimination criteria are suggested:

1. Use of the complex radiation pattern expected for earthquakes.

2, Use of the excitation of long period waves relative to waves
of about 1 second period (which also have a high signal-to-noise ratio,
see Figure 1), e.g., Ms versus m,, AR versus L

3. Use of the slope of the surface-wave spectrum in the period
range 20-50 seconds,

To make use of the complex radiation pattern of earthquakes,
surface waves or body waves have to be clearly recorded at least
2 separate azimuths to verify the existence of a node in the radiation
pattern or a shift in phase. In practice several more observations
would generally be necessary to confirm that an event did not have
explosion-like symmetry. From Figure 1, we see that for distances
A > 30° events of magnitude Mg less than about 2.5 would not be
recorded above noise level. Tgus with a large number of stations
near 30° distance covering a large azimuth range around the source
it would be possible to identify earthquake like radiation patterns
for events as small as Mg ~ 3.0, 'f large arrays are used this limit
might be lowered to Mg < 2.5,

The second criteria listed above, namely the ratio of long period
waves to short period waves (Mg vs mp, AR vs mp) could also be applied
to these small magnitudes.

The third criteria listed above, the slope of the spectrum near

-2-



30 seconds period, requires rcliable above-noise recording over a
wide enough frequency range to establish a characteristic slope;
this might be difficult vo apply for events with Mg ~ 3.0,

With this brief general discussion of the situation, I will
list a few special problems which need further study.

Time function for explosions

It is remarkable that after so many years of research under the
Vela Uniform program, there is still uncertainty about the source
time function for explosions. Should explosions be represented by a
step function of pressure on a cavity? an exponential? an impulse?
a combination step function with exponential? Good broad-band high
dynamic range recorders (digital) operated at varying distances
from explosive sources should quickly provide concrete information,
This has relevance to explaining the spectral shapes at long periods
(20-50 sec) and to explaining the relatively low excitation of long-
period waves (especially surface waves) by explosions.

Spectral shapes between 20 and 50 seconds

Molnar et al (1970) have suggested that the ratio of 20 second
to 50 second amplitudes of fundamental mnde Rayleigh waves is a
discriminant. This needs to be tested using more data and an adequate
explanation of this spectral ratio needs to be confirmed. Special
study needs to be made of the source time function and of the effect
of source depth on this ratio.

Regional and depth variations in surface wave excitation, source

dimensions, stress, stress drop, and source mechanism

In certain regions or at certain depths earthquakes excite only
very low amplitude long period waves (particularly surface waves) and
discrimination of earthquakes may be difficult, In such regions stress
or stress drops may be relatively large or source conditions may be
different, A detailed study of the near-source spectra of such earth-
quakes needs to be made so that the nature of regional variations in
spectra is understood.

Propagation effects, attenuation, scattering

One of the main difficulties in using the complex radiation
patterns of earthquakes as a discriminant is the complex effects of
propagation on surface waves., Diffraction, reflection, scattering
and multiple travel paths lead to complicated surface wave trains.
In principle these effects may be taken into account; in practice
the necessary detailed knowledge of variation in crustal structure
may be difficult to achieve.




CONCLUS TON

Given a world=swide avray of long peried scismographs operating
at near teleseismic distances and capable of taking Ml advantage
of the ground neisce wininwm near 40 seconds, it should he possible te
discriminate earthguakes From explosions at magnitndes Mg = 3,0,
Discrimination would invelve identification of an earthguake=1ike
radigtion pattersn, using phase, anplitude, and spectral shape, WKith
tecgniqngsgzo rediice leng period noise the linit night be extended
l°~§°:¢oo
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ABSTRACT

Recent studies indicate that source dimensions of small carth-
quakes arc about ten times larger than those of explosions of the
same local magnitude. Since this difference is associated with
differences in the seismic spectra, explosions and carthquakes within

the magnitude range studied can in principle be discriminated on the
basis of secismic recordings.




INTRODUCTION

It is difficult to mecasurc the source dimensions of small earth-
quakes since they usually do not produce obvious surface breaks.
Recently, the surface brcaks of two rclatively small magnitude carth-
quakes, the Parkficld (Brown and Vedder, 1967) and the Imperial
(Brune and Allen, 1967) earthquake, have been documented. Both cvents
were associated with the San Andreas fault system and had larger
source dimensions than would have been cxpected on the basis of
extrapolations from larger magnitude data. Combining field observa-
tions with analysis of scismic waves Wyss and Brune (1968) suggested
relatively large source dimensions for seven Parkficld aftershocks
with local magnitudes, Mj, between 3 and 5.

For earthquakes which do not rupture the surface but arec large
enough to produce a distinct aftershock sequence, the source dimensions
can be estimated from the aftershock distribution, Licbermann and
Pomeroy (1970) have summarized this kind of data for M|, > 4.5. They
found that between magnitudes 4.5 and 6.0, the fault dimensions fecll
between the carlier curves for large magnitudes and the curve of Wyss
and Brunc (1968).

For explosions and carthquakes alike, the source dimensions can
be estimated by relating the peak or corner frequency to the source
dimensions (e.g. Sharp, 1942; Kasahara, 1957). Smith et al (1967) and
Schick (1968) have estimated the dimensions of earthquakes with M|, =
0.75 and M|, = 2.5 respectively, using the amplitude spectra of body
weves., The dimensions they found agrce with the lcngtE-magnitude
rclation for small carthquakes obtained by Wyss and Brune (1968). Many
investigators have deducted cquivalent source dimensions for cxplosions
from the shape of amplitude spectra, their rcsults collected from the
litcrature are given in Table I.

The best way to sce the difference in the amplitude spectra of
explosions and ecarthquakes is of course to compare the spectra. The
spectra arec not generally available but two paramecters tﬂat approxi-
mately describe the spectra are available, the magnitude and the source
dimension or corner frequency. If we plot source dimensions against
magnitude, we essentially comparc the turn (or peak) frequency as a
function of the lcvel of the amplitude spectrum at the frequency at
which the magnitude is obtained.

-]~ oL



DATA

In this summary, we collected cxisting cdata on source dimensions
of carthquakes and underground nuclear cxplosions and added 32 new
fault lengths for carthquakes with 0.75 < M; < 5.2, Almost all of
these source dimensions were estimated from the corner frequency of
S-wave amplitude spectra., The way the data werc obtain will be
described in detail in three shortly forthcoming publications.

It should be emphasized that we have not assumed that the local
magnitude, M, , of a scismic event is on the average, equal to any of
the body wave magnltudcs, myp, mph or m (Evernden, 1967). Liebermann
and Pomeroy (1970) have assumed that ﬁL = my, for earthquakes. We have
preferred to keep our data homogenecous by u51ng only M|, magnitudes.
For explosions M| was obtained from the California Institute of Tech-
nology scismic array cxcept for the two cxplosions outside of Nevada
for which mj was converted to M| using the formula My = 0.76 m} + 1.38,
This equation was obtained from a comparison of Everndcn [ (1927) mp
with Mj mecasured on the Caltech array for 47 Nevada cxplosions.




CONCLUSION

Recent studies suggest that source dimensions of small earthquakes
are larger than those of explosions (Wyss and Brune, 1968; Brune, 1968;
Liebermann and Pomeroy, 1970). In an earlier study, Press (1967) esti-
mated that earthquakes and explosions had approximately equal source
dimensions., His estimate was based on assumptions about the strain-
energy in the source region, -- in particular, he assumed a 100 percent
stress drop. Recently, however, it has been suggested by King and
Knopoff (1968) and substantiated by Wyss (1970) that stress drop is an
increasing function of magnitude and can be very small for small earth-
quakes. The overestimate of the stress drop at small magnitudes leads
to an underestimate of the fault dimensions.

In Figure 1, all the presently available source dimensions of
seismic events with known M| < 6 are plotted. All these small shallow
earthquakes have larger source dimensions than explosions of the same
local magnitude Mj. The earthquakes with the shortest dimensions
(Hanks and Brune, 1970; and Ryall et al, 1968) were located in regions
which characteristically exhibit relatively great high frequency excita-
tion and might be inferred to be under comparatively high stress (Wyss,
1970). Some of the shocks with small dimensions (Hanks and Brune, 1970;
McEvilly, 1966) were located at depths between 10 and 20 km and could
possibly be excluded as nuclear blasts on these grounds. For some
other shocks with small dimensions, no depth determination was available,
It is possible that particular regions could produce high stress or
high stress drop earthquakes with dimensions of the size Press's (1967)
theoretical curve predicts, i.e., comparable to explosions., More de-
tailed regional studies of earthquake source dimensions are neceded to
clarify this possibility.

We conclude that recent data indicate explosions and small shallow
carthquakes of the same magnitude in general differ in source dimen-
sions by approximately a factor of 10 and can therefore, in principle,
be discriminated on the basis of seismic spectra as well as radiation
pattern., The actual feasibility of such discrimination of course depends
on the conditions imposed on the data available.
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TABLE 1
SOURCE DIMENSIONS OF UNDERGROUND EXPLOSIONS

Event N " L= 2r (km)
Milrow 6.3 — 2.51?
BS by 5.61° 5.6 0.8u?
Shoal 4.6 4.8 0.7 - 1.28
Haymaker 4,522 4,49 0.6
Salmon y,3s%% 4.68 0.35%, >0.3%"
Gnome 4.27% 4.58 0.63
Sedan (crater) u.15’ 4.6 0.4 - 1.0s
Hardhat 4282 wus' 0.4’ - 0,910
Rainier 4.1t 4.4 0.22°, 0.61%, 0.6%?
Fisher 3.us? y,27" 0.36°
1  Romney (1959) 14  Wideman and Major (1967)
2 Evernden (1967) 15 Werth and Randolph (1966)

3 Werth and Herbst (1963)

4 Brunz et al (1963)

5 Toksoz et al (1964)

6 Healy et al (1970)

7 Toksoz et al (1965)

8 Davies and Smith (1968)

9 ‘Archambeau and Sammis (1970)
10 Press (1967)

12 Wyss et al (1%71)

13 Archambeau (1965)
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DEDUCTION OF SEISMIC SOURCE PARAMETLRS
FROM LONG PERIOD WAVES

By
W. Stauder
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The remarks which I have to make in commenting on or enlarging
upon the presentation by the Chairman pertain to two applications of
data from long period waves in deducing seismic source parameters, The
first of these refers to the usc of P wave amplitude data, and is
readily applicable to data from WWSSN or other couventional stutions,
The sccond refers to the application of specctral ratios of direct
surface waves at pairs of stations, and is particularly appropriate
for the use of digital data from a world array of 10-12 long period
stations, These topics are taken up in turn in the pages which follow,
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An application of P wiave stationarv phase approximation in
determining source parameters by equalization procedures

A stimulus for the use of I’ wave amplitude data in determining
source parameters arises from the personul observation of similarity
of wave-form of the I wave from stution to stavion for a given
carthquake and of the diminishing of amplitude of the initial P wave
at stations which after analysis and comparison of all the data are
shown to be near nodal lines. This personal experience was made more
objective in a study by Nuttli (Nnttli and Gudaitis, 1960).

Nuttli measured the amplitude of the first half-cycle of the P
wuve at numerous stations for the Kodiak Island earthquake of
February 6, 1964, These amplitude duta, corrected only for instru-
mental response, are shown in Figure 1, The scatter in the data is
considerable,

The fault plane solution of the particular carthquake is known
(Stauder and Bollinger, 1966). The theoretical I wave amplitude
radiated hr 4 double couple point source in a homogeneous medium is
given by the relatioen

R e R (1

where p is the density, « the P wave velocity, R distance along the
ray, K(t) the source time function, and x and y the space coordiniates
of an observing point with respect to the mechanism axes. Nuttli
corrccted the observed amplitudes by dividing by the factor xy appro-
priate to cach stiation,

The results are shown in Figure 2. The character of the symbols
in the figure is related to the distance of a point from a nodal line,
or, equivalently, to the magnitude of the factor xy. It is noted
that the scatter is considerably reduced, with the exception of a
few points for which values of xy are less than 0.1, i.e., points
near nodal lines., By perturbing the mechanism solution by only a few
degress in the dip and dip directions of the nodal planes, a solution
was obtained for which even these exceptions disappeared and for
which the residuals in observed versus calculated amplitudes were a
minimum.

The final solution obtained in this way is shown in Figure 3.
The line drawn on the figure is the amplitude variation expected
from geometric spreading only, based on the Jeffrey-Bullen P wave
travel time curve for 0,00R. The correspondence between the observed
amplitudes corrected for focal mechanism and the theoretical ampli-
tudes is good., One may counclude that the chief factor in the scatter
of P wave amplitude data is the effect of the radiation pattern at
the source.



These obscervations snpgest the possibility of seeking a focal
mechanism solutioa for which some quantity, say the variance, S, of
the observed versus computed amplitudes is a minimum, where

s 2

. igl(Aiohs " Meane!
5 = T (2)

In principle this is, of conrse, a well established technique, that
of the hody-wave equalizution procedure which was proposed hy Ben-
Menahem et al (1905) and has been applied to a number of carthquakes
(Teng and Ben-Meanahen, 1965; Ben-Menuhem et al, 1968; Khattri, 1969).
In o vecent paper Chandra (1970) has further applied the method of
cqualization of I wave spectral amplitudes to determine the focal
mechanism of five carthquukes, and has compured the results with
solutions from the first motion of P and from the polarization of the
S wave, He found close agreement in the solutions determined inde-
pendently by the three procedures,

In the application here proposed, however, there is question not
so much of the spectral amplitudes of P equalized to the source as of
the amplitude of the first half-cycle of the P wave observed in the
time domain., That is, the anplitude of the first half-cycle of the
" wave is considered to represent the spectrum of the wave at the
predoninant period of the P vave, This is a stationary phase approxi-
mation, Teng and fien-Menahem first used the term in this connection
and applied the stutionary phase approximation technique to the SH
waves of the Banda Sca carthquake (Teng and Ben-Menahem, 1965).
Chandra  (Teng and Ben-Menahem, 1965), Chandra (1970b) has applied
the same techanique systematically to the P waves for a group of eight
carthquakes, lle found that the stationary phisse solutions agreed
with solutions previously determined by equalization of the P wave
spectra,

A stationary phasc approximation, since it utilizes only the
first half-cvcle, or cvent the first quarter cycle (P wave onset
to first pecak or trough) may bhe considered to sample the direct P
arrival, uncontaminated by converted waves in the crust beneath
the stations or in the neighborhood of the source. It is potentially
applicable, therefore, to shallow focns earthquakes as well as to
the isolated signals of P waves from deep focus shocks.

Even after cqualization to the source, P wave amplitudes will
vary in absolute value depending upon the magnitude of the earthquake
In order to comparce cqualized amplitudes to calculated amplitudes a
normalizing factor must be introduced. For this, following

(3)

~
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Jarosch (1968), we let

Mobs ™ ¥ Meuer * ¢ i)

where A is the observed amplitude at the ith station

iohs
Ajeale is the calculated amplitude as given by equation (1)
k is a constant to be determined
o is the error in the ith ehservation,

In order to minimize the sum of the squares of the errors, Cpy We

choose k so that

! Aobs Meale

! Meate Micale

k = (1)

A value of X may be so obhtuined for any orientation of the source
axes, But a scarch program is intvoduced iIn order to seek that
oricntation of the source axes for which

2

]
LE Miobs ~ Meald!

N (5)

is a minimum, A best fitting solution is thus obtained in a manncer
quitec inalogous to the procedure proposcd by Ben Menahem et al (1965)
in the equalization and comparison of spectral amplitudes.

An illustrative example, and a presentation of the results in a
planc other than the geographic plane, may help to summarize both
the method and a limitation common to all equalization techniques.
Figure 4 prescnts the conventional P wave first motion and S wave
polarization mechanism solutions for a Hokkaido carthquake of
October 25, 1965. It is noted that the azimuthal coverage of stations
about the cpicenter is rather good, and that rne nodal planc is well
determined by the P wave first motion., The positions of both nodal
planes may be fixed by a best fit to the S wave polarization data,

In order to apply the equalization of the amplitudes to the
focal sphere by the stationary phase approximation, the amplitudes
and periods of the first half-cycle of the P wave werc determined
at 25 stations. These observations were then equalized to the source
by taking into account the effect of the instrument and of the crust,
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md by compensating for peometric spreading and absorption in the
mantle, The results of the secarch program are displayed in Figure 5.
The observed equalized amplitudes are presented on the left, the
vateuated amplitudes for the hest fitting orientation of the focal
axes on the right,

~ As has heen pointed out hy users of this technique, the graphs
of IFigure S are a two dimensional presentation of what in reality
is a three dimensional figures; the irregularities of the nm?lltudo
diagrams are a function not of azimuthal dependence hut of difference
in the take-off angle at the source. lFor example, Figure 6 shows the
variation In amplitude as a function of azimuth corresponding to the
preiatest and to the least take-off angle for the particular observa-
tions used in the examination of this earthquake., While elther curve
is smoath, it is readily seen that If rays corresponding to different
take-off angles are plotted on a rolnr grnrh a quite irregular figwe
can result, llence the star-like shape of the observed and calculated
damplitude plots,

While for surface waves it is nccessary to present a radiation
pattern in a geographic plane, this does not seem to be necessary,
or even of particular advantage, for the reduction and presentation
ol bhody wave amplitude data. \ presentation in terms of the focal
axes may be nore instructive.

In terms of srhcrlcnl coordinatiecs referred to the source axes,
the amplitude of the P wave on the surface of a sphere of radius R
vquation (1) i« given by

b |
sin"o sir 20 . R
u = _— K*(t - = (6)
» 4nou°R «

where ¢ is measured in the xy plane, or in the plane of the forces,
and 0 is measured from the Z or B (null) axis. The variation with 4
is the familiar four-lobed I’ wave radiation pattern., Both ¢ and 0

are readily related to the azimuth and take-off angles of a given ray
through the direction cosines of the mechanism axes relative to the
gecographic axes. The amplitude along a ray making an angle 6 may in
turn be reduced to the amplitude of a ray leaving a source of the same
strength at an angle 6 = n/. by dividing the observed amplitude by
sin2s. In this way the radiation pattern is reduced to the xy planc
or plane of the forces., Or, equivalently, one view the radiation
pattern from the B axis, looking toward the xy planc.

Figure 7 presents the amplitude data of the Hokkaido earthquake
in this fashion. One sees immediatz2ly the effect of the nodal line
and tne degree of closeness of fit of the observed P wave amplitudes
with the calculated amplitudes for the orientation of the focus
sclected, One sces as well, and more graphically than in other pre-
sentations, the limitation in the distribution of data over the focal

-4-
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sphere. lven with good geographic distribution of observations, the

data points are spread over barely a quarter of the xy plane covers

several quadrants (strike slip faulting in a vertical plane) a pre-

sentation as in Figure 7 may serve to ldentifﬁ the planc of faulting
and the direction rupture propagation: the lobes will be asymmetric,
enlarged in the direction of the rupture.

A final -eference to the quartity k determined above (equation (4)).
l{ we let X he an average value of the amplitude on the focal sphere,
then

Kobs = ¥ Reyac
and since

M« log x;bs
we have

M« log (KR .g1c)

or

M« log k ¢+ log “E.1c°

The value of NE is obtained by the relation

alc
2xy dS

Icnlc = Llls— = 424
[ 4

Thus the value of k may he used to determine a magnitude derived
simultancously from many observations of the P wave amplitude and
corrected for the effect of the radiation pattern of the source.

N
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CONTINUQUS RADIATION (GEOG, SYSTEM)

Figure o, Variation in calculated P wave amplitude for take-off
ang les corresponding to the grecatest and least value
of iy for stations represented in Figure S.
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SOURCE PARAMETERS OF EARTHQUAKES FROM
SPECTRA OF RAYLEIGH WAVES

By
A, Udias

Saint Louis University



LENGTH OF FAULT AND VELOCITY OF RUPTURE

Ben-Menahem (1961) has developed the expressions for the far
field displacements of Raylecigh waves radiating from a propagating
fault of finite dimensions. The model of the fault is a surface of
length b and width d. The propagating fracture is represented by a
point source propagating along the b dimension with a velocity v and
radiating energy as it propagates. For a vertical strike-slip fault
and a propagating double couple the displacement of the vertical
component of the Rayleigh wave is given by

. . sinX q 37
Ug(w) « $in2_ (") /Ra RR ellép * ) (1)
v
where
X, = Abf (SB - cosf) (2)
R EE' v

The effect of the finitc dimensions is included in the factor
X, (w,0). To isolate this factor Ben-Menahem defined the directivity
fﬂnction, D, as the ratio of the spectral amplitudes of the surfacc
waves corrcsponding to waves leaving the source in opposite directions,

R
u_(e sinZ,(0) X, (6¢
R R s i ®)
uz(een) SMIR R

Since the only factors which depend on 8 in equation (1) are sin

Xp/Xp and sin 6, we can generalize the expression for the directivity

to be the ratio of the spectral amplitudes at two stations corresponding
tg rays leaving the source with an arbitrary angle, a, between them.
Thus

. C C
b U:(O) sin{%2£(1§ - coso)}{Wg_- cos(0+a))sinle (4}
S yi(eea) abf CR R N}
2 ’i"{CE'(TT - cos(eoa)D(Tr - cos0)sin2(9e+mn)

Minima in this function occur at zcros of the numerator, that is, at
values of the argument of the sine function

.]-



nhf (C_R
Tk Vv

- COSO) = nﬂ, n-s= 0, 1. 2. see e

Maxima occur at zercs of the denominator, or for

o

c
i f [TR - cos(e*u)] = nﬂ. ns= 0, 1. 2. eoece

g

The values of the frequency at which either maxima or minima occur
can be used to determine the fault length b, For example, for the
first order extrema

C C
b = —p—t - —t (5)
R , : R
fﬂﬂX(TF - cos(6+a)] fmin(TT - cosf)

The directivity function, D, as defined originally (equation (1))
was used with R or G waves of consecutive order recorded at the same
station, This procedure minimizes the sources of error, but reduces
the use of the method to earthquakes sufficiently large to generate
return surface waves or waves which circle the earth more than once.

In theory nothing prevents using direct Rayleigh or Love waves

recorded at different stations distributed at arbitrary but differing
azimuths about the epicenter. In this event the more general directivity
function, D, (equation (4)) applics. Allowance must be made, of course,
for differences in epicentral distance, path of propagation, etc. This
procedure makes it possible to apply the method to earthquakes

smaller than M = 7,

The advantage of applying the more gencralized expression for
the directivity is that stations can be sclected at which the
Rayleigh waves arc well recorded without the constraint of being
180° apart in azimuth, Since the directivity function is normalized,
the amplitudes in the spectral ratios must he reduced to a common
distance, This is donc through the equation

12
sind
X, = A, (s—mr;-) e- (8)-8,)y (6)



As an example, the method here proposed is applied to the
Aleutian Island earthquake of July 4, 1966. The two nodal planes
of P are assumed to be known, and are taken from Stauder (1968}
Figure 1 shows the orientations, AA' and BB', of these planes . !
also indicates the stations and their distribution about the so..ce
at which the direct Rayleigh waves were used in the analysis. The
Rayleigh waves at these stations were digitized and a Fourier analysis
made of the digitized data. In this process care must be taken to
select a suitable time window, for it is important to exclude from
the analysis any interference from later arrivals, lateral refractions,
etc,

Given the spectrd, as many combinations as possible of spectral
ratios are formed. By application of equation (5), v ~pcated from
above

C C
_ R ) R
b = X = T (5)

[ﬁ? - cos(6+a)] (Tg - cos6)

fmax fmin

a value of b can be obtained from the first maximum or first minimum
of any one of these spectral ratios. In so doing it is necessary to
assume a value of v, the velocity of rupture. In fact, when using
only the amplitude portion of the spectra there is no independent
way of determining the fracture velocity, v. However, if many ratios
are used for the calculation of b, we may assume different values of
v and from these select that v which gives the least standard error
for the mean value of b. In this manner we obtain a simultaneous
estimate of both b and v.

A by-product of the method when a sufficient number of stations
around the epicenter are used is the determination, through the
proper choice of 6 of the plane of faulting from the two nodal planes
and the direction of fracture.

Figures 2 and 3 show two examples of the spectral ratios for
the earthquake of July 4, 1966. The points in the figures are obser-
vational values of the spectral ratio for the pairs of stations
indicated. The solid lines are the computed directivity function
for the fault length, fracture velocity, and direction of fracture
assumed for the best fit to the data. While there is some variation
in the observed from the computed spectral ratio, the minima and
maxima are well defined. For this Aleutian Island earthquake the NS
striking plane is selected as the plane of faulting, with the
fracture propagating southward, This is in keeping with the interpre-
tation of this carthquake as an arc-arc transform fault,

Figure 4 shows a similar application to an earthquake in the
Azores. The focal mechanism was determined by Sykes (1967). The

-3-
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earthquake is strike-slip, with epicenter on a fracture zone,

Seismic moment

The seismic moment is calculated following the work of Aki (1966)
and the theoretical results of Ben-Menahem and Harkrider (1964) from
the spectral amplitudes of the vertical component of the Rayleigh
waves at periods sufficiently large that the point source approx1-
mation of the source is valid,

~Assuming a step function for the source time function the value
of the moment is given by

|U(w)|(217r)l/2 Cr e'T

M (7)
° Ny, Ix (@)

U (w) is the spectral amplitude, r the distance, y the attenuation
coefficient, CR the phase velocity, N,, the Rayleigh wave singlet
trans fer funct1on and x(8) the radiation pattern function as defined
by Ben-Menahem and Harkrider.

For the earthquakes studied here we calculated 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 giver. in Table I.

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

e ®

AR (%)
where

w =35 (10)

The value of u 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 I.
-4~
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DIMENSIONS OF NUCLEAR EXPLOSIONS AND SMALL
SHALLOW EARTIQUAKES

By

Max Wyss
James N. Brune



ABSTRACT

It is shown that source dimensions of small shallow carthquakes
arce an order of magnitude larger than those of explosions,

o



Explosions and earthquakes can be discriminated ou the basis of
seismic recordings if their source dimensions or source time functions
are significantly diffcrent. If we can demonstrate that the source dimen-
sions are different for cqual magnitude events between nagnitude |
and 5, we have shown that in principal discrimination on the basis of
spectral shapes is possible for such events., For two reasons such a
pessibility was doubted. Press (1967) estimated the source dimcnsions
of small carthquakes and cxplosions to bhe of the same size. His esti-
matc was based on reasonable assumptions about the strain-cunergy in
the source region and in clastic waves. llowever, Press has assumed a
100 percent stress drop. Recently it has been found that stress drop
is a function of magnitude and can be very small for small carthquakes
(King and Knopoff 1968, Wvss 1970). The overestimate of the stress drop
leads to an underestimate of the fault dimensions., The sccond reason
to doubt that discrimation for small cxplosions was possible on the
basis of spectral differences, came from the observation that it
appcared as if the Mg - mp, values of small explosions and carthquakes
converged (Thirlaway and Carpenter 1966, lLiebermann and Pomeroy, 1969).
More recently, however, it was found that no such convergence took
place (Pascchnik 1968, Basham 1969, Molnar et al 1969, Lacoss 1969).
Equivalent source dimensions for explosions collected from the litera-
ture are given in Table 1. The local magnitude M}, is not equal to the
body wave magnitude mp or mj)y, M} for explosions was obtained from
Pasadena rccords or cstimated on the basis of mj and mgy (Evernden
1967) in order to compare the explosions with earthquakes for which
only lornl magnitudes arc available.

On this basis the source dimensions were compared in Figure 1.
Most of the source dimensions were obtained from the peak or turn
frequency of seismic spectra, Figure 1 cherefore corresponds to a
comparison of seismic spectra. For some of the larger carthquakes the
dimensions were based on field observations or aftershock zones. A
morc complete summary of the latter approach including shocks with
mp and M}, magnitudes, is given by Licbermann and Pomeroy (1970).

Figure 1 shows clearly that all studied small shallow earthquakes
have larger source dimensions than explosions in accordance with
Wyss and Brune (1968) and Liebermann and Pomeroy (1970). The earth-
quakes with the shortest dimensions determined by Hanks and Brune
(1970) and Ryall ct al (1968) were located in regions under com-
paratively high stress (Wyss 1970). Some of the shocks with small
dimensions by llanks and Brune (1970) and McEvilly (1966) were
located at depths between 10 and 20 km and could possibly be excluded
as nuclcar blasts on these grounds. For some other shocks with small
dimensions no depth determination was available. It is possible
that particular regions could produce high stress or high stressdrop
earthquakes with dimensions like the ones surmised by Press (1967),
i.e. with dimensions comparablec to cxplosions, More detailed regional
studies of earthquake source dimensions are needed to clarify this
possibility.



The smallest nuclecar explosion for which a source dimension
was available, Sterling, was a decoupled eveat, It was exploded in
the cavity produced by Salron. The magnitude of Sterling is approxi-
mate only. However, it appears that it would be possible to confuse
this event with an carthquake if as criterion only the relative source
dimension is considered. It is possible that the source time function
may still provide a discriminant for Sterling.

It is concluded that explosions and small shallow earthquakes
differ in source dimensions by approximately an order of magnitude
and can be discriminated on the basis of their seismic spectra.



TABLE I

SOURCE DIMENSIONS OF UNDERGROUND EXPLOSIONS

Event

Milrow

Bilby

Shoal

Haymaker
Salmon

Gnome

Sedan (crater)
Hardhat
Rainier

Fisher
Sterling (decoupled)

NN SN

Romney (1959)
Evernden (1967)

Werth and Herbst (1963)

Brune et al (1963)
Toks6z et al (1964)
Healy et a} (1970)
Toks6éz et al (1965)

mp

6.3
5.61
4.6
4,52
4,351°
4,272
4,15°

10
11
12
13
14
15

ML L = 2r (km)

e 2.512

5.6 0.84°

4.8 0.77 - 1,28

4, 49" 0.8’

4.6 0.35% > 0.3
4,5% 0.6°

4.6 0.4 - 1,0°
4,454 0.547 - 0,91°
4.4 0.22°, 0.61%, 0,813
4,27 0.36°

1.8 0.06°

Davies and Smith (1968)
Archambeau and Sammis (1970)
Press (1967)

Evernden personal communication
Wyss et al (1971)

Archambeau (1965)

Wideman and Major (1967)

Werth and Randolph (1966)
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SOURCE DEPTHS FROM SURFACE WAVE
SPECTRAL RATIOS

By
David G. llarkrider
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Using arguments based on the reciprocity thcorems of Knopoff
and Gangi (1959), Aki (personal communications, 1961) realized that
the vertical surface displacement spectrum of fundamental Ravilcigh
waves should possess a zero which was dependent on the depth of a
horizontal force. This phenomenon was investigated in a scerices of
modal experiments (Aki and Healy, personal communications, 1962).
Harkrider and Anderson (1966) noted that the higher mode Ravicigh
and Love waves possess depth dependent spectral :zeros for vertical
as well as horizontal forces.

One of the difficulties encountered in using amplitude spectra
for depth determination has been the time-space source function,
This function will in general have zeros associated with the fuult
displacement-time function, fault dimensions and rupture vclocity,
For stationary point sources, the source factor can be climinated
by dividing the spectra of different arrivals. This division c¢limi-
nates all of the effects of distance except the difference in anclastic
absorption. For more realistic sources complications arise which will
be discussed later.

For small earthquakes, the departure from point source theory
is usually negligible for periods greater than 20 seconds, Tsai
(1969) found that the assumption that the source is a point in space
and a step function in time was adequate for determining the focal
depths of earthqwkes in the mid-ocean ridges with magnitudes 6.0 or
smaller. The depths were dctermined from the shapes of the Rayvlcigh
wave spectra by comparing with theoretical spectra from a vertical
strike slip fault with a step function rupture in time. The depth
estimates were confirmed by observation of P and pP phases.

In order to investigate the use of spectral ratios as a possible
measure of source depth, we have evaluited the ratio of various surface
wave modes as a function of period and depth. The calculations are
for a double couple source with an oceanic propagation path. The
orientation of the double couple was chosen in order to represent the
far field spectra from a vertical strike slip fault., The station
azimuth is 22.5° from the fault plane.

The ratio zeros and infinities for this double couple oricntation
are determined by the nodal periods in horizontal displacement at the
source depth. Thus the spectra of each higher mode has one mure :zero
than the next lower mode. For a given mode the displacement :eros
migrate downward in depth with increasing period. Therefore successively
deeper sources have spectral zeros at successively longer pecriods.

Even though all the spectral ratios have nodes and infinities
which are sensitive to the source depth, the most promising is the
fundamental Rayleigh to Love ratio. The easily identified large
amplitudes o fundamental surface waves in the time domain arc
important to taking meaningful spectral ratios. The interference of
similar signals cancausesgectral holes which alonﬁ with spectral
zeros due to source time history and finiteness make identification
of the source depth minimum improbable. If there is cnough cnergy in
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the observed fundamcrtal tove wave, the miniauss in Love spectra
wilt be duoe to interferences, such as multipath arrivals, amd
source time aml Yiniteness tfanctions, Thus ratios sheuld not he
formed at pertods tor which there 15 a low power level in the Love
wave spectrum,

The ratio minvma are depeadent on the fault orientation para-
meters of dip, ¢ oand stip, 2, as well as source depth, The ratio of
fundanental Ravieigh to Love has a true node at all azimuths only
for fault modets, (4, 4) of (90°, 07%) and (90°, 180°), The (45°, 907)
and (45°%, 2707) faults can have true nodes at azimuthal angles from
the strike ot ¢ = 458°, 135°, 225°, and 3157,

The nodal period as a faaction of source depth for the vertical
purce strike slip fault node!, (90°, 0°), is shown in Figure I, For
the oceanic and shield carth structures, the relation between period
and source depth iz almost tincar Jdown to depths of 150 kme A rough
estimate of the source depth cae be obtained by equating the depth
in Kifometers to the nodal period in seconds, For a homogencous
Poisson  solid half space, the relation between source depth, h, and
the nodal period is given by

h = (0,19) x (1)

(Ben-Menahen and Toksoz, 1963). The ratio of source depth to this
critical wavelength, Ae = CT, versus source depth is shown in
Figure 2 for the two models,

Figure 3 illustrates the cifects of varyving the fault geometry
parameters (8,1), ior changes in dip and slip of less than 10° fron
the vertical pure strike slip fault (90°, 0°), the minimum ncar 60
seconds is recopmnizable and essentially stable., But at an obsecrver
azinuth of & = 22,5° u change of 15° in & or X can virtually celiminate
the mininum, On the other hand, at an aczimuth of 30°, the spectral
ratio has an casily identificd mininum at 60 seconds for the
(75°, 15°) model. Mnother complicating factor then is that the
minimums are sensitive to azimuth, It should also he remembered that
these are spectral ratio minimums, lixcept for geometries where the
minima are near zero, their presence may not be evident in either
the Ravicigh or the Love spectra until the ratio has bheen forned,

The complications inherent in these spectral techniques can be
demoristrated by considering the Fallon carthquake of 20 July 1962
Tokvoz et al 190d), The fundamental Ravileigh and lLove spectra
measure at Ruth, Nevada, are shown in Fipure 4, Taking their
spectral ratio, R./L we obhtain a minimum near 26 seconds which
correspounds to focal depth of 20 kn for a vertical strike slip
fault (Y0°, 0°) and a Fallou to Ruth propagation path (Figurce 5).
The minimwn is also apparent in the obscerved R..

The depth is the same as that obtained in Toksoz et al (1965)
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by comparing the observed and theoreticul spectra for the surface
wiaves at Ruth, Pasadena and Jamestown, As in Tsai (1909), the
assuned source time variation was a step function. In ovder to fit
the observed spectra at these stations, they required a fault
orientation of (76°, 230°) and a strike azimuth of 355°. This
corresponds to an azimuthal angle from the strike of & =100° ut
Ruth. The (90°, 0°) faults at a Jepth of 20 and 26 km require a

g = 50° - 55° or 6 = 125° - 130° at Ruth in order to obtain a
reasonable spectral ratio (Figure 5). This results in an unaccept-
able theoretical spectral ratio at Jamestown which is two orders of
magnitude less than observed there. The spectral) ratios for their
(76°, 230°) fault have barely perceptable minima only at & ncav
40° and 145°, There are no mimima in R, at any azimuth for periods
less than 40 seconds.

The fault orientation was determined from a three station fit
of a radiation pattern of the Love to Rayleigh wave peak smnlitudes
(T = 16 sec). Flinn, Lambert and Archambeau (1970) using thie Fallon
carthquake nayleigh and Love waves recorded at 17 LRSM starnons found
that the radiation pattern for the 16 second ratio could be fit best
by a 20 km depth (82°, 196°) fault plane with a strike acimuth of
10°, Since the radiation pattern of the ratio at a given period is
relatively insensitive to source depth, the 20 km source depth was
determined from the individual Love nnd Rayleigh radiation patterns
at various frequencies, The shapes of these individual pntterns also
admit a fault orientation of (82°, 174°) (Flinn et al, 1970).

The spectral ratios at selected azimuths for the two LRSM
determined fault solutions are shownin Figure 6 with the observed
Ruth ratio. Again we cannot fit the Ruth data (e = 85°) without
violating the strike azimuth, The range of azimuth in which there
is a detectable minimum in the R,/L ratio and in R, for a step
function source are shown in rxgure 7 for the LRSM %nult solutions.
In the same figure we show the 16 second love to Rayleigh radiation
patterns.

Another piece of eyidence that the fault strike azimuth is within
15° of North as in Toksoz et al (1%65) and Flinn ef al (1970) can be
found in the small dips in the abrolute spectra of the Jamestown and
Pasadena stations (Figure 4). Assuming that the¢ #allon event was due
to a rupture moving to the North with a uniform velocity of 2.2 km/sec
along a fault segment of length 20 km, these dips can be cxplained
as the first minimums of the source propagation factor (Ben-Menahenm,
1960). This factor would cause a minimum in the Rayleigh and lLove
wave spectra at just below 10 seconds period at Ruth, at 14 scconds
at Pasadena, and at 12 tce 14 seconds at Jamestown., The minimum
necessary length of 20 km is considered large for an earthquake
of this magnitude (kxng and Knopoff, 1968). On the other hand, the
shallowness of the minimu can be explaxned by the rupture strcngth
being much smaller at'the tends of the fault relative to the center
(Ben-Menahem and Toksoz, 1962), Thus the effective len;th contributing
most of the scismic energy could be much smaller and tiiec spectra would
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stiil have the same minima locations found in Figure 4,

Unless the solutions obtained from the three Caltech and the
17 LRSM stations are incorrect or can be shifted in strike azimuth
a minimum of 25° to the east, the dip in the Ruth, Nevada, Rayleigh
spectrun and the Rayleigh to Love spectra ratio at 26 seconds must
be due to mechanisms other than source depth (ToksBz et al, 1965).

Considering the difficulties and the sources of possible spectral
contamination it is hard to visualize spectral ratios playing an
important role in the determination of focal mechanisms except for
cvents where there is consistent and adequite station ccverage, high
signal to noise levels, and some supplementary informati~n on the
fault and propagation path,
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EXCITATION OF TII NORMAL MODES OF THE
EARTH BY EARTHQUAKE SOURCES

By

Freeman Gilbert

Institute of Geophysics and Plancetary Physics
and Scripps Institution of Ocecanography
'niversity of California, San Diego

La Jlolla, California 92037
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ABSTRACT

Some century old results, due to Rayleigh and Routl., are
used to derive a very compact and simple representation for the
transient response of the Earth to carthquakes. In particutar, it
is shown how the residual static displacerent field is naturally
tepresented in terms of the normal mode eigenfunctions,
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If one can calcuate the excitation of the normal modes of the
Earth duc to a particular earthquake source, onc can usc such calcu-
lations in an attempt to infer the earthquake mechanism and total
mement., Some general results in normal mode theory, duc to Rayleigh
and Routh about a century ago, make the excitation calculations
remarkably simple. First we treat a system of N particles and then
pass to the continuum limit,

Consider a conservative system of N particles in “mall oscillation
about a state of stable ecquilibrium. Let the ath particle, « = 1,...,
N have nass my, displacement uy,, and lct a force fy, be applicd to it,
Then, if Vpgag is the symmetric, positive definite potential encrgy
matrix, the lincarized ecquation for the conservation of lincar momentum
is

dzuma N
Mo atl ’Bgl Ymag ° Umg = Tma (1)

The Laplace transfarm of (1) is

2 = - :
map Yna * g VmaB ¢ uma = Tﬁa (2)
where
ﬁia(p) - I u., (¢) e Pt de; Re p>o (3)
o

and

Una(0) = g? Ung(0) = 0

We recall that there are 3N cigenfrequencies wp; n = 1,..., 3N, and
3N eigenvectors, or normal modes, Sy, pe iw t fo: the dynamical system,
The normal modes can be orthonormallzéa (*d8notes complex conjugate)

=6 (4)

® Q
gmasma,n * bma,l n, %
and, since there are 3N degrees of frecedom, they form a complcte basis
for the system. Conscquently, Una has the representation

Yna * g nSma, n (5)
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and the usc of (4) gives

= * a
) m; *ma,n  Yma (6)
a

If we take the scalar product of (2) with S*ma n and sum over
o we get U

2 ® L ] L ) = [ £
pap* gB Sma,n vmaB (%az SmBQ) gsma,n Tma (7)
We can simplify (7) by using a form of Rayleigh's principle. The
normal mode s is a solution to
ma,n
-wims s IV s =0 (8)
n a “ma,n & Mg mB,n

Taking the scalar product of (8) with S o, 2’ summing over a, and
using (4) gives

oV e 5 =w25 (9)

Z Sma L mo mB,n n nf

Since, Vpgg is symmtric we can interchange o and B8, as well as n and
2, in (9), Thus, using (9) in (7) gives

(p? + wla, = Ist o T (10)
a ’

and we can write (5) as

G y Z SmB’ ) ?66
u_ = s (11)
mo. o o,n (p N “’ﬁ)

Most earthquake sources are modeled as step functions so that T =p lf
then the Laplace inversion of (11), for t > o, is
1- cosw, t
- 3 °
‘1a(t) g sma,n (gsmB,n mB) 2 (12)
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When there is a small amount of dissipation (Q>>1) we modify (12)

. 1-cosmnte'wnt/2Qn
uma(t) =) Sma,n 0} SmB,n . me) -y (13)
n B w
All that remains after a long time is the static displacement
. 1
lim u__(t) = S (}s*, n  f (14
t e g ma,n g mBa mB) ;rzl. )

It appears to be unappreciated by many geophysicists that the static
response of a mechanical system can be expressed in terms of the
normal modes of that system, Thus, the statical or dynamical thecory
of bodily tides, all Love number calculations, the excitation uf the
chandlerian nutation are all expressible in terms of the Earth's
normal mode eigenfunctions, as is the static displacement fiecld
caused by an earthquake.

For the Earth, which we approximate as a classical continuum, a
particle sum, such as

N
* .
B=15m6,n me 2

becomes a volume integral, such as SdVs&,(r) ¢ fp(r)y. The body force

me is replaced by the body force per unit volume fm(r)m. For (13) we
have

u(rm,t) = g Smn(r)m(jdvosmn(rmo) ) fm(rmo)) X

(15)

~w_t/2Q
l-cosw.te M n
n
2

w
n

X

The sum in (15) is now an infinite sum but, as shown by Rayleigh, it
converges as wﬁz. The normal modes smn(r)m in (15) are normalized (4),

Idvp(r)m s;;'m(r)m . smn(r)m =1 (16)
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and p is the density. In many applications the body force fy(r), is
represented by 6-functions so that the evaluation of the volume integral
in (15) is particularly simple,

For earthquake sources, a commonly used concept is that of a
stress release mechanism, Let the difference between the initial static
stress, before the earthquake, and the final static stress, after
the earthquake, be Ty so that the static stress field, Ty, has the
representation

Tm = Tmo = TmH(t) (17)

and let the source region be confined to a volume Vg. Then the action
tensor, My, for the source is

Moo= fdvs T, (18)

When the source dimensions are small compared to wavelengths of
interest

T = Mmé(rm-r ) (19)

m mS

where rg is in the source volume VS.

The body force caused by the stress drop, T is fm = =VeT and
the volume integral in (15) beccmes
*
* . S - . .
fdvosmn(rmo) £(r o) jdvosmn(rmo) (Vg T,) (20)

integrating (2) by parts, using Gauss' divergence theorem plus the
symmetry of Tm gives

o mn- mo m mn

[aVstn o) = (TooTy) = [angfy + (T o580 (21)

o~k
.JdVOTm.emn

A
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where € is the strain tensor for the displacement vector sp,, A
is the "surface of V,, and fi. is the outward unit normal to B

For sources within V,, the surface integral in (21) vanishes,
Substituting (19) into the remaining volume integral in (21) gives

0
o-

* . . = - o K
Jdvo sk (r)) + (VoT ) = -M_:e* (r ) (22)

Mm:em = igl jgl Mij Eij

With the aid of (22) we can write (15) as

-w_t/2Q
. l-coswntz n n
um(rm’t) = g smn(rm) (Mm:emn (rmS)) 2 (23)
W
n

A special kind of action tensor is the one that represents a shear
dislocation, or fault plane model. Let the unit normal to the fault
plane be ﬁm and let the slip direction be dyp. Then pp ° Jm = 0 and

Mp = M(Bp dp + dpf)

for a shear dislocation, The symmetry of the action tensor is a
consequence of the conservation of angular momentum,

The normal modes of the earth are of two kinds: spheroidal,
Sm = Oppg M

m
nfig = T Ung () Y?(e’¢) V() vy Y?(9.¢) (25)
and toroidal, s_ = "
' m nmf

o

3
-

.
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- W () T x v YE(8,0) (26)

in (25) and (26)

Q

_ ~ d A - 3
Vi=O%. 35 % ¢, cs¢ O 20

and

Y?(e,¢) is a normalized surface harmonic

1/2 1/2

e, = 0" (B) ({EE) P cos 3™

The scalars U, V, W are solutions to the ordinary differential
equations that represent the stress-strain relations and the conser-
vation of linear momentum, Once the scalars U, V, W, have been
obtained, and this is, by far, the most time consuming part of the
numerical calculations, they can be stored for repeated retrieval,
so that the evaluation of (23) for a particular M , r g and r_ can
be extremely rapid and inexpensive, meom m

Several applications of the techniques presented here will be
published elsewhere,

......
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Figure 3. Double vacuum can assembly and tilting platform.
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SHORT PERIOD SPECTRAL DISCRIMINANTS FOR EXPLOSIONS

By

William 4., Bakun
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SUMMARY

Spectra (0-5 liz) of the g phase at JAS, California (A = 250-
500 km), for 09 cvents (M = Z.h-d.S) located within 100 km of NTS

arc uscd to investigate source differences hetween the shert period
spectra of nuclear explosions and 'natural' carthquakes, The Pp
spectral ratio (0.6-1,25 Hz)/(1.35-2.0 112) of ground displacement
satisfactorily discriminates NTS explosions from 'natural' carth-
quakes for a threshold magnitude at lcast as low as M = 3,2, The
explosion spectra are relatively richer in the high frequency hand
(1.35 = 2,0 liz) than are the natural carthquake spectra, An inter-
esting result suggested by this study is that the short period P-wave
spectra  of ‘'afterevents' of large NTS explosions resemble the
spectra of explosions rather than that of 'natural' carthquakes,
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INTRODUCT ION

The problem of identifying underground nuclear explosions has
received the close attention of many scismclogists in the last ten
years, Of the many proposed explosion discriminants, the bhody wave-
surface wave magnitude (m:M) criteria scems the most promising. The
SIPRI report (1968) concluded that the m:M ~riteria is a "positive
identifier! for m24 3/4,

Using the m:M criteria with Canadian stations for western North
Amecrica events, Basham (1969) demonstrated a separation of the carth-
quake and explosion populations for m>4,5, Basham noted that due to
continental margin and/or propagation path effects on the surface
wave amplitudes, the m:M detection threshold for intercontinental
distances may be at best about m=4,7,

Using data from the Berkeley (BRK) broad band system at a distance
of 500 km from NTS, McEvilly and Peppin (personal communication, 1970)
have found a separation of the NTS explosion and Nevada carthquahe
populations down to a threshold magnitude at lcast as low as m = 3,7,
Surface waves for smaller cvents are lost in the background noise.

The new high-gain long-period seismometers (Molnar ct al, 1969) are
capable of recording events with Mg possibly as low as 2,7 (~m = 3,7
for explosions) at epicentral distances of 30° or more, Data are thus
becoming available to test even lower thresholds of the m:M criteria
for intracontinental discrimination.

Discrimination criteria bascd solely on direct I'-waves have also
reccived considerable attention. The SIPRI report (1968) indicates
that P-wave spectra are a diagnostic aid and a possible "positive
identifier" for events with m>5,25, Using the LASA short period instru-
ments, Lacoss (1968) has cvaluated a spectral ratio criteria that
discriminates betwecen carthquakes and explosions if decision rules
based on noisc analyses are employed, Unfortunately the probability
ofamaking any decision falls from unity at m=4,5 to ncar zero at
mz4.1,

Since earthquakes and explosions have different source time
historins, one might expect a systematic Jifference in their high
frequency asymptotic behavior. With respect to earthquakes, llaskell
(1966) and Aki (1967) have considered theoretical models of a dis-
location across a fault imbedded in an infinite elastic medium,
llaskell assumed a particular time history for the dislocation which
resulted in a 1/w3 high frequency spectral asymptote for the body
wave spectrum whiie Aki assumed a different time history which
resulted in a 1/w® spectral asymptote,

In this paper we report an attempt to evaluate P-wave spectral
discriminants at small epicentral distances (A~2-4°); the hope was
that encouraging results might be extended for stations at larger
epicentral distances., The demonstration that spectral differences
between earthquakes and explosions do exist down to low magnitude 3
events should lend impetus to research on spectral discriminants at
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telescismic distances and improvement in detection methods required

for operations at this level, Because there is no continental margin
effect on telescismic P-wave prorugution. a successful intracontinental
P-wave spectral discriminant might easily be extended to an inter-
continental discriminant,

Data

The data used tu this study have been restricted to the outrut of
a single high-gatu (600 K at 1 liz, background noise ~ 1 mu at 1 iiz)
vertical short period setsmograph at Jamestown, California (JAS),
located 340-410 km from explosion epicenters at the Nevada Test Site
(NTS) (Figure 1), JAS (37°56!8 N., 120°26!3 W., elev. = 457 m) lics

tu the Sierra foothills und is part of the Berkeley seismographic net.
Since October, 1965, the output of a 14 kgm vertical Benioff

(To = 1 sec, Ty = 0,2 sec) seismometer at JAS has heen telemetered to
Berheley and recorded on magnetic tape., (The tape system at Berkeley ts
described in detatl by Rodgers et al, 196S5,)

This magnetic tape library was searched for events with hypo-
centers within 100 kmof NTS, Sixty-nine events (Table 1) with
eqnivalent Wood-Anderson magnitudes ranging from 2 3/4 to 5 were
selected, The lower magnitude limit corresponds to a Pg signal-to-
noise ratio of about 2, The upper magnitude limit corresponds to P
clipping for distances of about 500 km from .JAS,

Table 1 includes the following types of events: (a) announced
underground nuclear explosions at NTS, (b) 'natural' earthquakes,
(¢) 'afterevents' of the large underground nuclear explosions BOXCAR,
BENHAM, and JORUM, (d) subsidence of craters (collapses) of under-
ground nuclear explosions, and (e) unidentified events with epicenters
on NIS.,  Au example of types (a), (b), (e) and (c) is shown in Figure 2,
The type (b) 'aatural' earthquake category is limited to carthquakes
with accurate epicenters at least 30 km outside the NTS boundary.
The type (¢) 'afterevent' category is reserved for events with epi-
centers within about 20 km of the explosion shotpoint and occurring
in a time span similar to that of aftershocks in an earthquake
aftershock sequence. The last type, (e¢), consists of all events with
epicenters on NTS which were not included in types (a), (c) or (d)
and presumably contains some 'natural' earthquakes in addition to
'afterevents' or collapses of nuclear explosions which we have
failed to identify., No claim is made for completeness of the event
vopulation of Table 1 in the epicentral area and magnit.e range
listed.

The most frustrating part of this study was the unavailability of
more events that could be classified as known 'natural' earthquakes.
A1l recent studies of discriminants (i.ec., the SIPRI report, 1968)
have stressed the necessity of examining events on a regional basis.
In order to limit propagation effects this study was restricted to
events having a small azimuth rangc (Figure 1). The propagation
path JAS for NTS events crosses the Basin and Range Province, White
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Mountains and the Sierra Nevada, Propagation along other azimuths
to JAS could introduce scrious unknown propagation path c¢ffects,

In the distance range 250-500 km Py is the first aviival with
an apparent velocity of about 7.9 km/sec. Arriving 8-10 scc after
’n with an apparent velocity of abont 0.1 km/sec is the prominent
phase which we have identifled as 'y, In gencral we have attempted
to carry out a dual unalysis of both the Pp and I'y phuses, However,
for the data considered in this report the results have been incon-
clusive, which probably reflects the fact that the signal-to-nolse
ratio for Pp was small (Figure 2). Thus most of this report will be
concerncd with the analysis of the Py phase,

The magnitudes quoted in Tabhle 1 are based on both Py and P
amplitudes at JAS, using a scale calibrated by Woodl- Audorson ma;hntudu
nt BRK for larger events, Magnitudes computed scpuratcly from the

and P, amplitudes consistently agree to 0.1 to 0.2 unlts, We feel
Rut thet ‘magnitudes used are self-consistent to an accuracy of 1/4
magnitude unit,

The data were digltized (12-hit resolution) at S0 samples/sec
with a tolerance of 0.5% in the sampling rate. The minute of record
preceding the Pp-wave onset was also digitized for purposes of noise
analysis. The duta were Fourier transformed using an 8 scc window
with a cosine taper applied to the final 2 sec., The 8 sec window
length was selected because this is the minimum Pg-I'y time at JAS
for the event population used, Numerical cxperimegts with shorter
window lengths indicate that the result of this study are not altered
by reasonable changes in the window length. A typical signal and the
resultant spectra are shown in Figure 3,

Noise analyses indicate that for the epicentral distunces i1nvolved
(250-500 km) signal amplitudes are iost in the background noise for
frequencies greater than about 5 Iz, For events in the magnitude
range 3-5, signal amglitudcs for frequencies less than about 0,6 Iz
are gencrally near the microseism level., Thus, all analyses discussed
in this paper have been restricted to the 0.6 - 5,0 lz band,

The spectral moduli were corrected for instrument response and
attenuation, A value of 400 was assumed for Q for both P’ and Py.
Numerical experiments indicated thuat reasonable variations in this
assumed value would not change tiae conclusions of this paper.

Spectral asymptotes

Haskell's (1966) and Aki's (1967) earthquake source models 3
predict _high frequency spectral asymptotes in the far-field of 1/w’
and 1/w®, respectively. By assuming various dislocation time histories,
one could predict a range of asymptotic behavior., Although explosion
source obviously do not fit the source gcometries assumed by Haskell
and Aki, appropriate models and source time histories presumably would
yield characteristic asymptotic behavior, which might be different
than that predicted for earthquakes,

-3-



Leastesquares regression lines were comgutcd for both the Pp and
Py log displacement vs log frcuucncy data. The slopes showed no
récognizable pattern that could be used to discriminate hetween earth-
quakes and explosions, The notches in the spectral moduli (scalloping)
introduce large uncertainties in the computed slopes. An unsuccessful
attempt was made to alleviate this difficulty by comrutxng the least-
1quaros regression lines to the relative maxima in the log-log spectral
data,

Although our attempts to use the spectral asymptotes as a dis-
criminant were unsuccessful, we are not convinced that this akproach
is without promise, The spectral scalloping can be explained by the
arrival of secondary pulses (Pilant and Knopoff, 1964) due to necar
source and/or near receiver reverherations., A more elaborate analysis
which takes account of these secondary arrivals might possibly demon-
strate spectral asymptotes te he a useful discriminant,

Spectral ratio

A preliminary examination of the spectra of the large earthquakes
and announced explosions in our event population indicated that 0,6-
2.0 llz was the most promising spectral band for discrimination at JAS
for NTS events, As noted previously, the spectral amplitude for
frequencies less than about 0.6 liz is near the microseism level at
JAS for the magr.itudes and distances considered in this study. Other
P-wave spectral discririnant schemes that rely on spectral irformation
below about 0.6 H:z might also suffer from serious noise contamination.
The fact that the LASA spectral ratio incorporates information at
frequencies down to 0,35 llz might explain the serious noise contami-
nation noted for lower magnitude cvents (Lacoss, 1968),

A spectral ratio which compares the average ground displacement
in the 0,0 - 1,25 Hz band to that in the 1.35 - 2.0 Hz band for P
was found to be a satisfactory discriminant., The spectral ratio was
defined as:

where Ci are the instrument response and attenuation corrections to
the spectral moduli Sj. The frequency increment is ,09766 Hz.

The computed values of this spectral ratio for the Pg phase are
shown in Figure 4, Standard errors of the computed spectral ratios
for the smaller events are indicated by error bars. Noise spectra
were computed using the same data window and computational procedure
as in the signal analysis for 5 segments of the record in the minute
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preceding the I'y onset, The variance of the noise at cach spectral
point was then nsed in computing the spectral ratio standard errors,
The noise was assumed to be stationary and the only sonrce of error
in the estimated spectial ratio,

Two arcas in Fignre 4 have heen delineated: 1) 'natural' carth-
quake, and 2) explosion, All known 'natural' carthqnakes and no
announced cxplosions lie in 1; no known 'natural' carthquakes and all
annonnced NTS explosions lie in 2, Most of the unidentificed tﬂpc (3)
events fall in field 11. Collapses follow no pattern as might be
expected in light of their highly variable sonrce time histories,
Presumably collapses can be identificd by other means,

It is interesting to note that all the 'afterevents' associated
with the large underground NTS explosions BOXCAR, BENIAM and JORUM
lie in 11, the explosion field, rather than in 1, the carthquake ficld,
Busham et al (1970), using the Lacoss (1968) spectral ratio for tele-
scismic P-waves recorded at Canadian stations, found that three BENIAM
‘aftercvents' sceparated from three NTS explosions, Of the six events
used in their study, only the 19 becember 1968 LENIAM 'aftcerevent' at
2223 GMT (No. 58, Table 1) did not clip on the Pg phase at JAS, so
that a mecaningful comparison of their result to the work reported in
this paper is not possible,

The spectral ratio frequency bands chosen in this work were
sclected because they secemed appropriate for the JAS instrument
response, the magnitude range and the epicentral distance to the
cvents studied., NDifferent spectral bands might he chosen for various
other combinations of these factors.

In Figure 5, representative P, spectra are shown, corrected fcr
attcnuation, over a range of magni%udcs for announced explosions and
'‘natural' carthquakes, respectively, In a discriminant it is desirable
to select the frequency band least contaminated by background noise

in which spectral differences exist, As magnitude decreases, progres-
sively less energy is generated at the lower frequencies relative to
the higher frequencies, This shift in dominant frequency with magnitude
suggests that it might be advisable to choose spectral bands as a
function of magnitude., For example, a better separation of the explo-
sion and 'natural' earthquake populations for M>3.6 would possibly
result if the smaller magnitude events (M<3.5) were analyzed by a
second spectral ratio with bands shifted to higher frequencies,

For epicentral distances of 250-500 km, hypocenter location becomes
a very critical factor. For example the event on April 28, 1967 (No. 15)
is poorly located, A possible error in the location of 100 km would
increase the magnitude from 2.9 to 3.2, putting the event inside II, the
explosion field, DPossible errors in the analysis of this event lead
us to hesitate to make any discriminant decision, This event gives some
idea of the threshold magnitude of the JAS Pg spectral ratio discrimi-
nant in the frequency iunge used. As another example, if the White
Mountain earthquake of October 27, 1967 (No., 30), which is well
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located, were to be mislocated at Pahute Mesa, 100 km further from
JAS, the magnitude would increase from 2.8 to 3,0, This would move
the event from field I, the carthquake field, into field II, the
explosion field, Of course a hypocenter error of 100 km at tele-
seismic distances would not present the serious errors in magnitude
determination discussed here. The error in the attenuation correction
introduced by a mislocation of 100 km does not alter the computed
spectral ratios to any significant degree.

lixplosion 'afterevents'

The explosion-like character of the 'afterevents' of BOXCAR,
BENHAM, and JORUM indicated in Figure 4 was further investigated by
forming a composite spectra of these events, All 'afterevents' ia
the magnitude range 3,4-4,3 that are not thought to be collapse events
are included. The individual spectra were corrected for attenuation
and normalized to their maximum amnlitude before being summed at each
{requency to form the composite. The BOXCAR, BENHAM, and JORUM com-
posites are similar,

In Figure 6 the BENHAM composite (including events No. 55, 56,
57, 59, 62, 63, and 64) is plotted together with similarly constructed
composites fcor 18 announced explosions, and all events in the earth-
quake field (I) in the magnitude range 3,4-4.3., The spectral
similarity betwcen explosions and their afterevents is evident, The
demonstrated P, spectral differsnces hetween 'natural' earthquakes
and cxplosions for epicentral distances of a few hundred km might
be Jetectable for teleseismic P-waves if sensitive enough instruments
and careful analysis are emploved.

Discussion

According to the Pg spectral ratio criteria, events fall into
two separate populations, The announced explosions in field II are
located over lateral distances of 60 km (Yucca Flat and Pahute Mesa)
in the geologically complex NTS region. Unidentified events within
NTS fall in both fields I andII. Known 'natural' earthquakes on
the near (No. 30) and on the far (No. 4, 16, 17) sides of the NTS
from JAS lie in field I, These facts lead us to believe that the
differences noted between earthquake and explosion spectra are real
and not merely a reflection of the source region geology.

It is important to point out that the discrimination disglayed
in Figure 4 could possibly be due to the effect of focal depth. It
may be that all of the type (a) and (e) events in field I have
appreciably greater focal depths than the type (b), (c) and (e) events
in fieldII, We have been unable to obtain reliable estimates for

the focal depths of the 'natural' earthquakes. The explosions are
shallow focus and available information on the BENHAM 'afterevents'
(Hamilcon et al, 1969) indicates that they have focal depths of 1less
than 10 km. Thus, the effect of focal depth cannot be eliminated as

a possible explanation of the spectral differences.
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The result that short period P-wave spectra of ‘'afterevents'
of large explosions resemble explosions rather than earthquakes is
puzzling. Although these 'afterevents' are not capable of being
separated from explosion by P-wave spectra, the analysis has
identified them as explosion-related events. Mclvilly and Peppin
(personual communciation, 1970) “ind that these 'afterecvents' arc
identified as earthquakes by ! , m:M criteria, Apparently the
explosion 'afterevents' generate explosion-like short period P-wave
spectra and carthquake-like surface waves., We do not have a con-
vincing explanation of this phenomenon. In some way the short time
strain field of the explosion is expressed in the short period
P-wave spectra, yet the 'afterevent' surface wave generation is
indicative of the large source regions associated with 'natural’
earthquakes, By using the short period Pg-wave spectral ratio in
conjunction with the m:M criteria, it appears that the 'afterevents'
of large explosions can be separated from 'natural' ecarthquakes
and explosions and defined as a third type of event,

Events No, 18, 19, 20, and 21, which are located ncar Pahute Mesa
and ar-e the only cvents on NTS that were identified as 'natural’
earthquakes by the spectral ratio criteria, occur 2-6 hours after
the underground nuclear explosion SCOTCH on May 23, 1967, at Pahute
Mesa (OT = 14 00 00.0 GMT; shot-point coordinates = 37°16'30"N,
116°22'12"W; BRK Wood-Anderson magnitude = 5.6), We have classified
these events as unidentified, but it is clear that in accordance
with our classification cirteria for type (c) cvents they might
also be considered as 'afterevents' of the explosion SCOTCIl, If these
four events actually are SCOTCH 'afterevents', then their spectral
behavior is different from that of the 'afterevents' of the larger
NTS cxplo;ions BOXCAR, BENHAM, and JORUM which all had magnitudes of
about 6 1/4.

This uncertainty about the events No, 18, 19, 20, and 21 has led
us to consider them in a little more detail. The largest of these
events, No. 21, has a magnitude of 3.7 and is thus ncar the detection
threshold of the body wave-surface wave (m:M) criteria. Although
the surface wave signal-to-noise ratio at BRK is quite small for
this event, McEvillK and Peppin (personal communication, 1970) find
that according to their body wave-surface wave generation criteria
(m:M), this event would not be identified as an explosion. McEvilly
and Peppin also find that, in terms of the relative Love to Rayleigh
wave gencration and the ghasc relation of the Rayleigh wave to the
Rayleigh wave gencrated by the explosion SCOTCH, this event is not
a collapse following SCOTCH, but that it closely resembles, in these
characteristics, the dipslip 'afterevents' of the BENHAM explosion
that they have studied. A couple of other points are worth noting.

To our knowledge, ‘'afterevents' have previously been observed only
for explosions with magnitudes greater than 6. Thus the occurrence
of 'afterevents' of a magnitude 5.6 explosion is anomalous in itself,
It is also interesting to note that according to McKeown and Dickey

51969) the SCOTCIl event was accompanied by fracturing on nearby
faults for a distance of about 1 1/2 km,

-
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CONCLUSTONS

1. A Pg spectral ratio which compares the average ground dis-
placement in the 0,6 - 1,25 llz band to that in the 1.35-2.0 liz band
at JAS appears to be successful in discriminating NTS explosions
from 'natural' carthquakes for M > 3.2, The magnitude threshold
may be substantially lower, particularly if the frequency bands used
to define the spectral ratio are chosen to be a function of magnitude.

2, The short period (0,6-5.0 liz) Pys-wave spectra of the 'after-
cvents' of the large NTS explosions BOXCXR BLNHAM and JORUM resemble
the spectra of NIS explosions rather than that of 'natural’ earthquakes
with epicenters near NTS,

3. As a general observation, detuils of the spectra we have
studied are quite variable even for announced explosions with shot-
points separated only by a few kilometers. These differences in the
spectral detuil might be explained by delayed secondary pulses due
to near source reflections.
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Spectral Ratio

« - 'Natural' Earthquakes
o - Explosions .
- - Explosion 'Afterevents
¢ - Collapses
e - Unidentified Sources
5L
Magnitude
Figure 3, Py spectral ratio of vertical surface displacement,

corrected for attenuation with Q = 400, at JAS for events
withit 100 km of NTS, 1 and 2 denote the earthquake and
explosion fields, respectively,
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1 would like to discuss very briefly some aspects of short
period discrimination which scem to be developing at the moment,
One advantage of short period work is the Jower threshold for detec-
tion of P waves and hence the prospect that senwe characteristic will
reveal itself routinely at m!.5, say.

Spectral ratio

Thus far a short period spectral discriminant 'spectral ratio'
has proved valuable for LASA studies. The spectral ratio, defined
as the ratio of the power in the bands 0.35 to 0.85 H:z and 1.45 to
1.95 Hz, has been studied extensively by Kelly (1968) and Lacoss
(1969). It was demonstrated that the high frequency content of explo-
sions is markedly hither than that of earthquakes for shallow 1us es
and that this criterion appeared to be effective above md4,.8 an:
maybe useful if not conclusive helow that magnitude.

The question of NURSAR's capability in the spectral ratio test
is important. There is no reason tc believe that a site in Scandinavia
should have as good a teleseismic window on the Asian continent as is
possible. The shield-like characteristics of the Scandinavian area
and the Russian and Siberian platforms strongly suggests poorly
developed, if present at all, low velocity zones. We thus expect low
Q zones also to be much less important practicslly anywhere in the
Sino-Soviet bloc. lHence we would predict (a) .hat a hroader frequency
window is available to us at NORSAR and (b) that there should not he
gross variations in spectral character for explosions anywhere in
the Sino-Soviet region, with the possible exception of the Kuriles.

The first results from NORSAR look promising in this respect. We
may well be able to take advantage of the greatcr excitation of high
frequencies by explosions by mcans of the broader frequency window,
Figure 1 shows the mean spectrum of a small population of earthquakes
and events at the Eastern Kazakh test site presumed to be cxplosions,
This is, of course, a very meagre sarple on which to base any conclu-
sions, but it is clear that some attempt to tailor a discriminant to
take advantage of the clear geaks and troughs in the two spectra ma{
be profitably made. Such a discriminant, based on this population, has
been constructed and is defined as

Sl L 53
S -
12 52

where S), S, and Sy are sums of spectral ccmponents in the bands:
.63 to 1.03 Mz, 1.22 to 1.65 i~ and 1.88 to 2.31 Hz, respectively.

Figure 2 shows some results of this discriminant where the pop-
ulation extends beyond that of the events shown in Figure 1. It is
important to note that such a discriminant would he ineffectual for
Nevada Test Site cxplosions which are, it is widely belicved, fired
over a region of the upper mantle in which a low Q zone exists.
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Complexity

The question of complexity has been widely argued since the
Novaya Zemlya events showed high complexity. It ix ohviously important
to understand what is meant by high and low complexity and the defi-
nitiors that have bheen used in the past have bheen of the form of
power ratios, cnergy in the first thirty seconds divided by energy
in the first five seconds or some such figure. This ratio is, of
course, strongiy dependent on what happens in the first five seconds.
\ much better measure of complexity would be the energy between S
and 30 seconds scaled by the Gutenberg B-factor and related to a good
teleseismic magnitude estimate, | think we can too casily be deceived
by high relative coda levels into thinking that the coda is much more
important than it actually is, We have recently done a survey of the
Novavae Zemlva data in order to try and find out what causes compliexity
and also whether it is predictable.

The first thing one discovers is that the complexity of signal
varies Jdramatically from place to place on the globe. A particularly
striking example of this was shown by Key of UKAEA when two stations
in the UK with 4's differing negligibly but azimuth differing by 8°
showed wildly different records. That this is a function of source
rather than receiver is obvious when one compares complexity distri-
butions for other expleosions in other regions -- the pattern does
not repeat,

There is something very subtle about the source phenomenon
because it yields different reﬁeatablc signals at different stations
relatively close together, I think this completely rules out any
explanation in terms of Rayleigh wave to P-wave conversion near
source since we have no reason whatsoever to believe that this latter
phenonenon is other than very isotropic in its radiation pattern.

If complexity were tererated simply by rattling around in upper
muntle heterogeneities o various sorts we would expect the radiation
to be fairly isotropic #1d this we do not see. So I think that too
is ruled out as would be, for instance, also triggering of tectonic
strain, If we rule out this form of couplexity generation we are
left with, in my opinion, only one alternative and that is deeper
structure benecath Novaya Zemlya producing lateral constrasts in
seismic velocity,

The emphiisis on the coda is probably illusory. All underground
explosions have substantial codas lasting for at least a minute and
if we were to remove the first five seconds of the P-wave we would
always bhe confronted with a very complex event whose magnitude might
not be more than half a unit less than that of the explosion itself,
We are beginning to understand the structure of this coda now in
terns of a variety of mechanisms and we know that a certain amount
of it is suppressed bﬁ array processing and thus must be locally
gencrated, liowever, what remains is still substantial even for explo-
sions from other regions., ! would like to suggest that what appears
to be conplexity i< no more than an absence of the primary P wave,

.2.



This is akin to the shadowing process that produces low anplitude
signals in the range 10°<4<20° except that we now have lateral

rather than vertical variations in velocity., At this stage it is
appropriate to look at Long Shot, We know that this was fired in a
region of strong lateral heterogencity in seismic velocity aud the
waveforms were accordingly very variable in character, For erample,

1 show some LASA waveforms from long Shot which are fairly confused
ard very incoherent (Figure 3). The same cvent however produced a
rclatively simple PcP (Figure 4). A carefir] examination of the wave-
forms available shows a strong dependence of ‘complexity' on augle

of emergence from the source. Figure 5 shows this very dramatically,
1 have taken a slice through the fccal hemisphere at the location

of Long Shot and marked on it the angle of emergence to get to various
staticas, including one PcP phase. 1 have also traced the waveforms
at these stations., The large arrow shows the believed dip angle of
the plate at this point in the Alcutians. The results are most
interesting is that the first five scconds amplitudes vary by a
factor of about 30 and yet the post-signal coda is fairly constant,

1 can only interpret this in terms of shadowing due to the presence
of the plate. Figure 6 shows the rclationship between reporteed magni-
tude and complexity for Long Shot and Figure 7 shows the same for

a Novaya Zemlya event. Both clearly show the relationship between

an apparent complexity and a diminution in the first P-wave amplitude,

What evidence do we have to make such a plate postulate for
Novaya Zemlya? Onec particularly cogent argumen.- is the wide existence
of ultra-basic rocks along the Urals - Novaya Zemiya fold system,
and the presence of oghiolitc complexes along the Urals, This makes
it, by analogy with the Mediterranecan for instance, very probably a
locus of compressive crogeny at the closc of a pliate consmmption
period when the Siberian platform and the Russian platform becanme
‘alned together Himalayan-style. All the reliable information we

ave on this suggests the orogeny was Permo-Carboniferous. This

leaves many puzzles -- onc being that of cxplaining how a plate can
maintain its identity for at lcast 200 My in the Upper Mantle. However
this problem is not insoluble and we are still at a relatively carly
stage in understanding fossil plate hchavior,

If my assertion that lateral velocity structure is the explana-
tion for signal variability is corrcct, two things follow. The first
iz that we might be able to map simplicity and complexity on a focal
siyhere and get a picture of the hroad structurc under Novava Zemlva,
So far we have not obtained results significant enough to display, or
it may be that the structure is so complicated that no clear focal
sphere picture will emerge.

The second point is that in determining a magnitude for Novaya
lemlya events, only observations from stations giving <imple records
ought to be included, as these arc probably not in the shadow, Thus
it is probable that P-wave magnitudes of Novava Iemlya explosions are
consistently undcrestimated.
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We wish to touch upon several different topics related to short
period depth determination and the role it can play in the discrimina-
tion area. These are:

A, pP or sP detection using a continental array
B. pP or sP detection using LASA
C. pP or sP detection using LASA and NORSAR jointly

b, Use of depth phases in conjunction with other criteria
for discrimination

i, Use of phases other than pP, sPP for depth determination
F., Very shallow depth determination using spectral information,

In general we believe that short period depth phases cannot he neglected
since it appears that perhaps 501 of natural cvents can be so identified
without incorrectly dismissing any underground explosions. This may be
particularly significant since depth phases nuy be used to correctly
identify 2vents which are troublesome for other criteria. For example

a deep event may have weak surface waves, Also, depth phases can he
observed for many ovents in the low magnitude range mp = 4.0 to 5.0,

A. pP or sP determination using a continental array

The suggestion has often heen made that short period data from
stations spanning an aperture of thousands of kilometers might bhe
coherently combined to significantly aid in the detection of phases,
particularly pP and sP, Lincoln undertook a limited study to inves-
tigate this suggestion using LASA data and digitized LRSM data. Data
was visually aligned on P arrivals, scaled to correct for distances,
and beams were formed for trial depths from 10 to 200 km in 2 km
increments, Beams were compared for a one second interval around the
predicted arrival time for pP, Data was normalized in such a way that
depth determination was essentially based upon coherence. The depth
was determined ceorrectly for oniy one of the four earthquakes processed,
That event is shown on the first figure. An event for which the
processing failed is shown in Figure 2, It is worth mentioning that
all four earthquakes had depths restricted by USCLGS based upon depth
phase observations at some of their stations,

There is no doubt that the performance of a continental array
could be somewhat improved. For example the gencral energy level as
well as coherence could be utilized. However we have not pursued this
course, It seems to us that one can probnbl{ be as successful as one
might be using a coherent continental array by scarchiag through LASA,
NORSAR, smaller arrays, and single instrument sites for phases and
using the different sites to corroborate each other's data. If this is
true then the analysis can bhe accomplished without introducing an

bl.



cacessive computational load., One might even argse the radiation
pattern problems also mitigate against a continental arrvay unless
only stations favorably located for a specific event are included.
For ¢xaumple 1t would appear that the stations used in Figure 2 are
just poorly located,

B, pP or sI' detection using LASA

A discrinination experiment using only LASA data from 156 Lurasian
carthquakes and 35 presumed explosions was completed at lLincoln and
has been discussed in various reports, We wish to review the results
of that experiment with respect to depth determination using pP and
<,

All events in the population were examined by an analyst for pos-
sible depth phases (sP or pP). The analyst operated as follows, First
the best LASA heam waveforms were examined for any possible arrivals
after the initial P wave onset, Picks corresponding to PcP times were
discarded. The time corresponding to the largest amplitude of any
remaining picks was then accepted as a candidate for sP or pP, The
analyst accepted picks associated with amplitudes less than 25% of the
I amplitude only if he felt the arrival very clearly rose above the
coda or noise level,

The above procedure was scrupulously executed for presumed explo-
sions as well as for earthquakes. As a result erroncous depth phases
were attributed to three explosions in the population., Two of these
were complex Novaya Zemlya events with many apparent secondary arrivals,
some as large as 0.8 of the initial P amplitude. The third event was
quite simple and will be shown subsequently. The danger of accepting
apparent depth phases at LASA as unequivocal evidence of depth for
discrimination is obvious, Corrobcrating evidence from other sources
should be required in order to avoid the incorrect classification of
an explosion as an earthquake,

The analyst accepted depth phases for 58% of all the earthquakes
in our Jdata base, This is just slightly less than the acceptance rate
for the 55% of all earthquakes in the data base which were also
reported hy USC&GS. For that subset of earthquakes depth phases were
attributed to 63% of the events by the analyst.

If cevents restrained to 33 km by USC4GS are excluded from consid-
eration there are 41 carthﬂuakes in our population to which we
attributed depth phases and which were reported by USCEGS. Given the
available data it is difficult to precisely evaluate the success of
the depth determinations made using LASA beams. There were only two
cases (LASA pP depth = 29 km, USC&GS depth = 87 km; LASA EP depth =
80; USCHGS depth = 10) in which there is virtually no doubt that the
LASA phase was neither pP nor si’, There are about 30 cases in which
it is most rcasonable to assume that the LASA phase was cither pP or
s, The remaining events are ambiguous at best. Thus, for carthquakes,
between T0% and 95% of the possible depth phases picked on SPLP beams
corresponded to cither sP or pP., This implies that sP or pP was
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correctly picked for between 42% and 57% of all the carthquakes in
our population,

C. pP_and sP detection using LASA and NORSAR jointly

Short period NORSAR data from eleven elements distributed over a
20 kn aperture was available for a number of the events included in
our previously mentioned LASA discrimination experiment. The NOKRSAR
data from a total of 41 earthquakes and six presumed Soviet cxplosions
which had previously been processed at LASA have been considered to
estimate the degree to which two large arrays can bhe used jointly for
depth determinations, Beams were formed using the eleven availabile
sensors at NORSAR and an snalyst identified possible depth phases on
those beams. The presumed explosion which showed a possible depth
phase at LASA was not in this gopulatlon. However, a different pre-
sumed explosion showed a possible depth phase at NORSAR which was not
corroborated at LASA.

The following table is a summary of depths implied by depth phase
picks for the 37 earthquakes for which either site showed a provisional
depth phase. The depth shown is that which follows from assuming that
the phase was pP, If the phase were sP, the depth would be reduced
by a factorof roughly 2/3. A zero entry indicates no depth phase was
picked by the /nalyst. Events in the table have been identified as
showing }ood. fair, or poor agreement between the LASA and NORSAR depths.
Good or fair agreement was obtained for S4 percent of the cvents.
Comparison with USCEGS events indicate that some events with poor agree-
ment probably have a correct depth phase picked at one or both sites,

In passing we might note that for this Kopulation rovisional depth
zgascs were picked at LASA for 73% of the earthquakes and for 83% at
RSAR, This is significantly higher than the 60% at LASA for the

parent population of 156 earthquakes.

Extrapolating to a system using two large sP arrays and scveral
smaller arrays or high quality single sensor sites our estimate is
that S0 gcrcent or more of earthquakes can be identified by depth
phases without erroneously classifying any explosions. This could be
ver{ sitnifIClnt. articularly at small magnitudes, since many ecarth-
qu: csi dentified in this way might be troublesome events for other
criteria.

D. Use of depth phases in conjunction with other criteria for

discrimination

Figure 3 shows a suite of 10 earthquakes and three explosions in
the LASA discrimination experiment which were incorrectly or were the
most marfrinally identified events as judged by the short period spectral
ratio discriminant, Our evaluation was that earthquakes C, G, and | were
incorrectly identified and that, although all presumed explosions were
identified correctly that only event 3 was strongly in the explosion
region, Our objective in discussing these specific events is to

.3‘
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demonstrate the value of utilizing more than one discriminac, and in
particular sP depth phases.

LEvents, A, B, C, b, G, I, and 2 were probably identificed by
LASA Mg - m,.  Lvent II was incorrectly identified. Surface waves
could not e used for the remaining five events, First mction, not a
currently psoular discriminant, might well be used to correctly
identify some of thc carthquakes. tomplexity might also bhe considered
although this criteria, which might be quite powerful, must be utilized
with considerable understanding and probably rezquires a networh rather
than a single station,

This brings us to the ﬁotentially powerful role of depth phases
in discrimination. All of the carthquakes have possible depth phasces
and several give evidence of both pl’ and sP, In our opinion corrobhor-
ation by one or more other stations would probably identify all or
most of the carthquakes,

Unfortunately event 2 shows evidence of hoth pP and sI' at about
18 and 27 seconds respectively. In fact thesc arc probably peg-leg
reflections from the Mahorovic discontinuity in the source region,
Even other receivers might lcad one to believe these to he depth
phases. lLvent 2 probably represents about the largest reflections from
an explosion, relative to I’, that one can obtain from discontinuity
in the crust and upper mantle. Thus, convincing apparent phases less
than 10 db down from the Kc.k of P at more than onc receiver are
excellent evidence that the event is an earthquake. This assumes
that no multiple explosions are being considered.

E. Use of phases other than pP, si' for depth determination

The precedinf discussions dealt only with I, pP and sI'. llowever,
therc are many other phases available for discrimination and, in
particular, to act as aids to depth determination., Figures 4 and 5 show
a striking example of this. Figure 4 shows a LASA beam and three
individual sensors for a I’ wave from an Aleutian carthquake. No
distinctive pP or sP is to be sev“n on that data. lHowever, Figure 5
shows the beam for PcP and the same individua) sensors., A depth phase,
with a reversal in polarity, is very clear on this data. We have

secen many other examples where secondary phases can he of considerable
value although we have not yet completed any systematic study. Other
phases such as sScP or pPKKP can often be detected and used,

We are just beginning to utilize some of these other phases but
the prospects are quite exciting. These other phases allow one to
see the event from more than one angle even at a single large array,
In a sense the power of the array is multiplied in this way. The
cumulative evidence from phases can be extremely valuable in the
same way that the cumuviative evidence of discriminants and other
sites is greater than the sum of the parts,



to Nery snallow depth determination using spectral information

Finally we wish to comment upon the prospects of depth determi-
nation in the range 0 to a few kilometers using short period spectral
information, An experiment has been performed using cepstral analysis
for four presumed explosions recorded at five different global array
sites, The raw spectra, for beams, is shown in Figure 6. The vari-
ability of the data between sites is considerable, Various notches
in the spectra were reconfirmed by cepstral analysis, Delays inferred
from this analysis are shown in the fol'owing table.

DELAYS INFERRED FROM MANIMA IN COMPUTED CEPSTRA

LASA m, No.way Australia India (Canada LASA
5.3 No data 0.4 0.6 0.4 0.5
5.4 0.0 0.5 0.4, 0.8 0.7 0.4, 0,9
5.6 0.0 0.4 No data 0.7 0.5
P | 0.5 0.4, 0.9 0.5 0.6 0.5

The cepstral results do not appear tc be definitive. Although
the values obtained are recasonable, the variation between sites is
greater than can be accounted for by the variation of the angle of
incidence. Also, assuming the overburden velocity to be unchanged, an
increase of 1 with magnitude might be cxpected, since increased mag-
nitude usually means increased depth, but is not evident from these
data. Finally, at Norway, Australia, and LASA the values of T seem to
remain rather constant, indicating a possible array site effect, while
at Canada and India such constancy is not observed.

It is our general feeling that such work may be of scientific
or intellectual value bhut is not likely to he important to discrimi-
nation., Notche: in spectra =2re so common that the presence of one
in the range which implies a reasonable burial depth for an explosion
is not good evidence that the event is an explosion. Also, we would
like to comment that the physics of waves in the source region is
very poor'y understood and it is not clear that a simplistic ray
theory view of a surface reflection from cxplosions is justifiable.
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ABSTRACT

The P-wave displacement spectra of the underground explosion
MILROW and LONG SHOT arce compared to those of four shallow ecarthquakes
of comparable body-wave magnitude (mp) in the Aleutian Islands. The
spectral data (0,4 < T < 40 sec) have been obtained from three vertical
instruments at Pasadena, approximately S0° from the epicentral region
common to six cvents, A Novaya Zemlya explosion of .omparable mp ‘as
also analvzed, The peak spectral amplitude for the earthquakes occurs
at periods approximately ten times larger than for equal my explosions,
indicating that carthquakes have source dimensions roughly ten times
larger than explosions. For T 1.5 sec the spectra for both types of
events are comparable, with respect to both absolute level and rate
of decay (w=<) with increasing frequency. The explosion spectra pcak
sharply in the interval 2 sec > T > 1 sec and decay as w for longer
periods, The carthquake spectra, however, continue to increase to a
long-period level, This spectral behavior at long periods suggests
that for explosions an exponentially decaylnﬁ pulse may he » better
approximation for the source time function than a step. The greatest
Jdiffercnces in spectral arplitudes occur at periods longer than 3 sec.
The observed differences in the P-wave spectra provide a diagnostic

method for discriminating between carthquakes and underground explosions.
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INTRODUCTION

A characteristic feature of the P-wave displacenment spectrum for
a scismic event is the frequency at which the amplitude spectral
density is largest. This peak frequency (vg), which marks the center
of the band of useful seismic information, varier with magnitude and
ranges for earthquakes from 2 liz at magnitude 1 ‘Wyss, 1970a) to
0.033 iz at magnitude 8 (Kasahara, 1957). vo €an ve related to the
source dimension through the equation vy = ¢ § , where v is elastic
wave velocity, r is source radius and c is a constant of order 1}
and depends on the particular source model assumed (e.g. Sharpe, 1942;
Kasahara, 1957; Archambeau, 1964; Berchkhemer and Jacob, 1968; Brunec,
1970). Most of the seismic energy is contained in frequencies near

Vo

For frequencies larger than vg, the amplitude spectral density
must decay at least as fast as w"Y, v>1, so that the encrgy integrsl
is bounded. Typically the spectra of seismic events fall off as w"<,
This portion of the spectrum gives information only about the rise
time of the source time function,

At low frequencies, the amplitude spectrum dekends strongly on
the source time function, For a step function which may be taken to
represent an earthquake source time function, the long-period spectral
amplitude level is flat and can be related to the stress drop 1 or
moment M, (Aki, 1966). For an explosion, a more realistic pressure
source time function may be p = p, e-at (Sharpe, 1942); for t>> a-?%,
the pressure on the surface of the equivalent cavity should return to
zero unless a permanent change of elastic stress in the medium
occurred. The sqoctra resulting from sources with the above time
functions are given in Figure 1. In the limit of a = 0, the spectrum
will be that of a step function source.

On the basis of the preceding discussion, the spectral differences
between earthquakes and explosions should be greatest in the frequency
range v < vo. For v > vo, the spectra may be expected to be similar,
reflecting only minor ditferences in the rise time of the source time
function. For earthquaxes of mh > S, v, may be expected to be less
than 0.3 Hz (Wyss and Brune, 1268; Liebermann and Poueroy, 1970),
Therefore, in this stuly we have concentrated our attention on the
frequency band 0.04 to 1,0 Hz. Traditionally, little interest has
been directed towards body waves in this band. Previous efforts have
concentrated on frequencies higher than 0.3 Hz &o.g. Matumoto and
Boucher, 1966; Lacoss, 1969; Bakun and Johnson, 1970). The only
studies of the spectra of shallow earthquakes with frequencies smaller
than 0.3 cps have been Kasahara (1957), Wu (1968), Wyss (1970b, c).
The only information available to us for underground explosions in
this frequency range is a short remark and Figure 2.7 in the SIPRI
(1968) report, where Pasechnik sugiested that marked spectral
differences exist between earthquakes and explosions in the fre-
quency range 0.2 to 0.5 Hz, The reason for the small interest in

wlfe
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the long periods was ground noise and instrument noise. The ground
noisc has a strong peak at frequencies around 0,16 Hz (Brune and
Oliver, 1959; Brume, in preparation), the region in which the peak
frequency of a magnitude 4 to 5 earthquake is expected to fall, At
longer periods the ground noise is smaller but instrument noise has
been @ problem, New long period instruments remove this obstacle
(Pomzroy ¢t al, 1969; Block and Moore, 1970) and allow us to study
surface waves as well as body waves with 10 to 100 sec periods.

Pata

Four Aleutian carthquakes of comparable my to LONG SHOT and
MILROW were selected for comparison of P-wave spectra. Their epi-
centers arce within 160 km to 400 km of the shot points of LONG SHOT
and MILROW (Table 1). The scismic recordings used were obtained at
Pasadena and Tinemaha, California. Spectral differences of the P-pulse
should reflect differencies associated with the source, since the wave
paths are the same for all events.

The P-wave spectra for the explosions and carthquakes were
obtained from three vertical instruments with different response
curves operated at Pasadena, The magnification c¢urves of these
instruments are given in Figure 2. Each instrument furnished a
spectrum in a frequency bhand close to its peak magnification and
containing only periods that could be resolved with the standard
paper speed, The analysis would be facilitated if broad band
instruments of the Kirwos type (Figure 1) or Block and Moore (1970)
type were available., The characteristics of the different instruments
used and the data par:meters are given in Table 2.

The spectra of the three different instruments have been combined
on one graph to show the composite P-wave spectrum for periods
between 0,3 and 40 suc. The data (uncorrected for attenuation) for
MILROX and LONG SHOT are given in Figures 3 and 4, and for earthquakes
in Figures 5 to 8, The spectral densities match well in regions
of instrument overlap., As well as indicating good instrumental
calibration, the matching indicates that problems arising from
finite sample lengths are not adversely affecting the spectral analysis.
The spectra of a Novaya Zemlya explosion recorded at Pasadena
(distance approximately 73°) is given in Figure 9 for comparison,

For the carthquake of 20 February 1958, the long period vertical
component at Pasadena was off scale. The NS congonent was analyzed
instecad. The spectral densities obtained from this record have been
corrected for the angle of emergence. For the explosions the long
period portion of the signal was smaller or equal to the noise. The
spectral density of the noise is indicated by arrows in Figure 4,

For 1LONG SHOT the spectrum was obtained from recordings at Tinemaha,
California, The absolute magnifications at this station are not known.
Therefore an arbitrary scale was used in Figure 4,



Discussion

The spectra (not corrected for attenuation) of four analy:zed
earthquakes arc comnared to the spectrum cf MILROW in Vigures 5 to 8,
It is evident that the peak frequencies are different by approximately
an order of magnitude. The difference shows up clearly in the seismic
recordings of the long-period Benioff instruments also shown in these
figures, The different positioning of the pcak frequencies constitutes
a major spectral difference between the two sets of data, suggesting
source dimensions an order of magnitude larger fo. earthquakes than
for explosions. In Figure 10, the attentuation corrected spectra of
the carthquakes are compared to the MILROW spectrum, The dimensions
of the sources were cstimated from the gcak frequencies of the
Q-corrected spectra and are ﬁivcn in Table 3, For MILROW this
estimate was obtained from Sharpe's (1942) model. For the ecarth-
quakes Brune's (1970) relation of turn-frequency to source size was
used after substituting P-wave velocivy for S-wave velocity. The same
differences in source dimensions between earthquakes and explosions
have been noted previously by Wyss and Brune (1968), Licbermann and
Pomeroy (1970), and Wyss (1970d).

The shape of the earthquake spectra ace very similar to cach
other but markedly different from tho explosion spectrum, At the high
frequency end the unccrrected spectra look more or less alike., After
the Q-correction (following Julian and Anderson, 1968) was made
(Figure 10) the larger high frequency content of the explosion is
more obvious, but all spectra fall off as w"¢ towards higher fre-
quencies., This indicates that all the sources have time functions
that rise from zero to the peak value, in times small compared to the
shortest periods analyzed., At low frequencies the earthquake spectra
are more or less flat to 0.02 }iz, except the smallest o? the earth-
quakes, June 2, 1966. This spectral behavior with a flat long period
part corresponds to a step function at the source. The explosion
sKectrul behaves differently. It decays rapidly, at least as w, from
the peak value towards lower frequencies. In the band 0.1 to 1 iz,
the earthquake and explosion spectra differ completely, the first
drops as w"? whereas, the second increases lincarly with increasing
frequency. The pronounced drop-off of the P-wave spectra for explosions
at frequencies less than the peak frequency constitutes a second
major difference between the spectra of explosions and carthquakes,

The fact th:'t the explosion spectrum is poor in low frequency
spectral amplitudes compared to earthquakes has to be explained by
a difference in the source function. The simplest approximation is
to follow Sharpe (1942) and consider the source time function

p=pye ™ (1)

acting at the surface of an equivalent cavity with an infinite elastic
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medium, It can, however, be expected that the free surface and
perhaps "ringing" of the cquivalent cavity will enhance the spectra
near the peak frequency. A theoretical spectrum was fitted through
the explosion data using Sharpe's (1942) result (Figure 3) the radius
of the equivalent (elastic) cavity of MILROW is 1,25 km, a in (1)

is approximately .4 sec-l, This value is larger, i.e. the time
function is sharper, than values found by surface wave analysis for
two smaller explosions (Toksoz et al, 1964).

Stress drops

From the estimated source dimensions and the seismic moments
given for threc events by Wyss (1970c), one can obtain the average
dislocation and the stress drop associated with the three earthquakes,
These garameters are given in Table 3. Since the stress drop is a
lower bound of the acting stress in the source region it is of interest
to compare these values with values from other regions. In view of
pending nuclear tests in Amchitka it would be alarming if stress
drops in this region should be unusually high, possibly indicating a
large total stress in the region. The stress drops derived for the
studied events, however, are comparable with values of equal magnitude
events in other regions Wyss (1970b).
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CONCLUSIONS

Discrimination of underground explosions and earthquakes

The data suggest that there are two potentially useful diagnostic
features of the P-wave spectra for earthquakes and underground explo-
sions of comparable m, from the same geographic and tectonic region,
The first criterion is that the peak frequency for the explosion is
almost an order of magnitude greater than the corner frequency of
the earthquake spectra, Equivalently, the source radius of an explo-
sion, as determined from the spectral data, is approximately an order
of magnitude less than the earthquake dimension. (See also Wyss, 1970d;
Liebermann and Pomeroy, 1970). Since the peak frequency is not generally
known beforehand, it is necessary to obtain as complete a spectral
curve as possible, The ratio of amplitudes at any predetermined fre-
quencies need not reflect the maximum spectral differences. One should
also bear in mind that the peak frequency can be shifted by decoupling
and/or lengthening the time duration over which the explosive pulse is
operative,

The second diagnostic feature is the pronounced decay of the
explosion spectra for frequencies less than the peak frequency, in
contrast to the earthquake spectra which remains flat below vg. These
spectral features at low frequencies are most readily interpretable
in terms of different source time function for the two events -- a step
function for earthquakes and an exponentially-decaying step for explo-
sions.,

The observed behavoir of the P-wave spectra at low frequencies
agreas well with the data of Molnar et al (1969) on the spectra of
~urface waves between 20 and 50 sec for earthquakes and explosions in
western United States. Their data show that the spectra for explosions
decay more rapidly with decreasing frequency than do the earthquake
spectra, Molnar et al (1969) also interpret the differences in the
spectra as representing differences in the source time functions of
the two types of events.

It is interesting to note from Table 1 that some of the earthquakes
studied here may be as deep as 40 km, Tsai (1969) and Tsai and Aki
(1970) have pointed out that ecarthquakes of these depths exhibit surface
wave spectra with pronounced minima due to destructive interference
(holes) in the period range studied by Molnar et al (1969). These holes
can make it difficult, if not impossible, to apply the surface wave
spectral ratiodiscriminant to all events. However, the criteria pre-
sented in this study of P-wave spectra enable us to discriminate
between explosions and earthquakes of 40 km depth.
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TABLE 1. Sclected Seismic Lvents

Origin Tise  iatitude  Longltude  Depth ."

Event Date (¢.c.1.) degrees  deprees b =
d m y h» s hm
3 22 Tel. 19%8 10:%0:23 $0 )/N W L} O.S’
? 17 Feh 1965 10:18:5) sS1.eN 176.61 Wi 9.6
b ) 01 Oct )90S5 08:52:09 $0. IN 178. 3. 2) 6.
. 02 June 1966 03:27:93 S1.IN 176.01 “l 6.0
NiLkOW 02 Oct 1969 21:00:00 S).uN 179.21 1.2 6.5
LONGSHOT 29 Oct 1965 22:06:00 $).ul 179.21 0.7 $.9
NOVAYA.' 27 Oct 1966 05:57:98 72.4N Su, Al - 6.63
ZEXLYA
1. U.S. Coast and Geodetic Survey reports
2. Determrinnd from Pasadena scismogra:s
3. Liebermann and Pomeroy (1969)
4. Atomic Energy Commission press release of October 27, 19(6, announcing

Soviet tes: {n northern testing arca of NOVAYA ZENL'A.
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TABLE 2. Instrument Characteristics

Short-perlod Benloff
1.0

0.2

0.4 to 2.0
10
6

Long-Period Benloff
1.0

90

1 to 10
10

Press-Cwing
30

6 to 40
25-30
1.9



Lvent
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Milrow

Peak
Trequency

0.l
0.)
0.07
0.12
0.64

TABLE 3

SOURCE PARAMETERS
Dimensjon Displacement
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k» (3]

20, 130,

13. -

2. «s,

1%, 12,
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1
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EXPLOSIONS/AFTEREVENTS/EARTHQUAKES -- CHARACTERISTILS
AT SHORT (500 - 6CO km) ANL VERY SHORT DISTANCES

By
T. V. McEvilly

University of California
Berkeley, California

o

1



Range of investigations under present contract

Four areas of stuly are in progress

1. P wave spectral discrininunts st small magnitudes and short
Jdistances,

2, P wave structure synthesis including multiple arrivals at
short distance,

3. Py/Rayleigh ratios for small events at short distances
4, Close-in measurenents of accelerations from large NTS shots
and afterevents for source paraneter studies,

BRK data for earthyuakes, eaplosions, and aftershocks at 500-600 kn

Kith nuclear tests of m), = 6 the phenomena of associated after-
shocks (as opposed to the common cavity collapse), faulting some 10¢ kn
from the shot, and implied strain release (regional or shot-induced)
became of interest, Berkeley (BRK)} hroadband seismic data, recorded
some 500-600 kn from NTS, with extensive ta?c library files of past
events, were studied to aake general comparisons of the various scvismic
events, Results can be stated through the accompanying suite of figures,

Figure )| contrasts afterevent activity of the largest Pahute Mesa
shots, Figure 2 shows their locations., Much discussion has centered
around the relative "earthquake" component of these large Sources,

Figures 3-6 conpare events in varicus ways, presumably esta*lishing
a maxinun time duration of "earthquake” components in the sources,
Figure 3 compares explosion and collapse Rayleigh wave puirs at HRK
for severa) shots, These are aligned on the P arrival, clearly recorded
on our high gain .JAS station. Note the clear 180 dettoc phase shift
of the collapses and the cxcellent correlation, peak for peak, of both
explusion-collupse pairs and among explosions in the same source region,
This correlation extends for some 2¢ minutes in the wave train, down to
periods of 3 or 4 secords, Figure 4 compares four evente, vertical
componcnts, broadband data, as further illustration of the correlation
for events near one another. The surface wave train, as expected,
correlates much better than the hody waves. Implications are that, to
a time scale of abhout two seconds, the large events have identical
source functions which are very similar to the collapse sources (nre-
sumably very localized). Figure 5 presents velocity spectra of the
same cvents. (lose events (c.g. Jorum and Boxcar) show marked simi-
larity all the way to 1 Hlz, (P spectra will be cempared also.) Event
Pipkin is less than 0.1 the size of Henham, yct these also compare
well (Benham is lower frequency) to about 0.8 Hz.

Figure 6 shows discrimination parameters available in a sequence
of afterevents (well documented) of the Benham ¢xplosion.,

In an attempt to .rvestigate the g - m, discriminant at lover
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magnitudes, P, oanplitude (at BRKN or JAS, normalized) and Rayleiah

wave peak anplitudes (at BRK, wiually In the 10-15 second period range)
for various events in the 500-600 kn distance range from BRK were
compured, l'igure 7, the result, includes carthquakes in Oregon, Nevada
(of ¥ NTS), and talifornia, NTS explosions, coliapses, and explosion-
igducfd.sftorshoc&; to the linit of the BRK surface wave Jetection
threshold,

Clearly, the basis for discrinination is indicated, It is inter-
esting that collapsivs are also soparatod from oxplosions, probably
due to their relatively weak P-wave gonoration and/or very shallow
source Jdopths,

Close-in measurenents for Jorum and Hangl![:

Figure 8 shows accelerometer doploynent for tho Jorum and llandley
tosts, Instriments are 0,.3g servoacceleronetors at 8 kn recorded at
dual gains (32 db separation), 0,02-50 Iz, on nmagnetic tape at NTS,
Despite tape recorder malfunctions, a large amount of data are avail-
able for these events, The purposo of the experiment was ohservation
of azinuthal vaciations rolated to source function asymmetry due to
possible contributions from rnultlng in tho explosion and to nake
comparisons with the aftorshocks. The Jdata here presented are pre-
liminary «ith nuch analysis romalning.

lorim

The tape recorder for sitee, 1, 2, 3 on Jorum failed prior to
shot time reducing azimuthal coverage to 45 degrees (Figure 9).
Flgure 10 shows the recorded vertical and transverse data., Site effocts
are severe in boch amplitude and frequency content. Figures 11-12
present acceleration spectra to 10 iz for Jorum, Difforoncos are great,
Some indications exist of a minimum In the transverse spoctra from 1
to 2 2 and of varlations in the low 'frequency’ rigplo among sites.
Implied source durations preater than 1-2 seconds, howover, would
seom 5mposs:blc in light of the total signal duration oi about 3-§
seconds,

Many artershocks were recorded, Figure 13 compares .Jorum with
threc large such events typical of the tynes observed. All originate
at or very close to the shot point, Z4 (vertical, site 4) data are
shown, Figure 14 compires spectra or these signals, showing the wide
variations observed., The explosion is richer in lower frequencies than
the afterevents (Magnitudes 4-4 3/4), Figures 15-18 show azimuthal
variation for & high- and low-frequency afterevent, respectively, Note
the wide variation in site effect (possible source mechanism differences,
also), the generally higher frequency content than Jorum, and the much
longer duration of the signals, Event 1928 is not unlike in appearance
a low magnitude (0+) microcarthquake as observed on the San Andreas
system in CalifornTa.



lland ley

The experinent was repeated for llandley (Figure 19 wjith ¥ sta-
tions and proportionately more failures. While sites 1-5 (100 degrees
covorato) recorded the shot, only 1-3 functioned throughout the
recording period to provide afterevent data. Figures 20-2! show accel-
erations recorded -- not unlike Jorum except for larger accelerations
(site 1 exceeded 0.52 on alluvium in Gold Flat, sites 2 and 4 also
reached 0,5g on the initial julse), Figures 22-23 present acceleration
sgoctra. Minima and ripple are again apparent, but systematic varia-
tions with azimuth are not obvious. Cepstrum analyses will be carried
out, though strong sig:al duration of only about 3 seconds provides a
clear constraint on the source time function,

Aftershock types are shown in Figure 24, spectra in Vipure 25,
Very hlﬁh (20!33 and very low 51.1!3 frequency events arc present,
all with significantly longer duration than llandley; 18IX a truly
renarkable collapse(?) with a long train of verv slow (or late
generated) surface waves., Figures 26-27 shov the available azinuthal
coverage 2n event 1818. The lov frequency wave is clearly not sinply
a site effect, appearing uniformily at all three stations. The trans-
verse arrival 1s oddly late.

bDiscussion .

Large nuclear tests at Pshute Mesa, while responsibhle for after-
shocks and displacements on existing faults at distances of scveral
‘ilometers, ap::ar to be very localized and impulsive sources when
viewed froa 8 km, ¥hile analyses are not yet comple®e, there seems to
be no azinuthal spectral varistions a?paront corrospondlnt to source
time-space functions required for a significant "earthquake' type
fault rupture component in the source. These implications are substan-
tiated by similarity of Raylol,h wave signals recorded at BRK to
veriods as short as 4 seconds for shots near together at NTS, and by
the similarity of explosion and collapse Ranlolgh waves., A\ necessary
conclusjion from these preliminary data is that the shear generation
(S- and Love waves) occurs in the same localized high stress source of
compression and that regional strain is relatively unimportant except
in providing a preferred orientation for failure in the sourcec region,

Relative surface-to-body wave generation characteristics, differing
for explosions and earthquakes at mp = 5, are apparent for NTS events
and regional earthquakes recorded at BRK (500-600G km) as low as
detection allows observation (mp in range 3.5 - 4.0) with conventional
broadband tape recorded seismographs. It seems resionable to assume
that such differences exist at teleseismic distances.
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