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The earth-receiver system is considered as a lumped

system. The operator which describes this system includes.

the effects of: (1) the source environment, (2) the prop-

agation path to the station, and (3) the seismograph at

the station. A method is presented whereby a seismograph

station can be calibrated by an explosion at a given site

using the seismic waves observed near the explosion (input

signal) and at the station (output signal) . Output signals

recorded at that station can then be used to derive infor-

mation about other sources for which this calibration

applies. This method of calibration is applied to the

primary waves from six underground nuclear explosions re-

corded by short-period vertical seismographs located at

near-regional, regional, and teleseismic distances.
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The principal constraints that limit the capabilities

of the calibration method are: (1) The source-propagation

path-receiver system acts as a filter which limits the

amount of source-related information contained in the out-

put signals; (2) The contamination of the primary waves by

secondary arrivals limits the time duration of the output

signals that can be used; and (3) The lumped operators for

the earth-receiver systems may vary significantly for dif-

ferent explosions due to differences in the locations of

the sources.

Information about the sources can be derived from dis-

tant signals for frequencies reliably related to the

source, only. For the data used in this research, the low-

frequency cutoff was 0.2 cps at all stations and the high-

frequency cutoffs were 4.0, 3.0, and 2.0 cps at the near-

regional, regional, and teleseismic distances. The low-

frequency cutoff was due mainly to the recording instru-

ments, and the high-frequency cutoffs were due to the at-

tenuation of the seismic energy by the earth. The wave-

forms of the derived source functions were all similar due

to the limited amount of high-frequency energy propagated

to the distant stations. The most significant source in-

formation derived was the source energy in the above



frequency passbands. The most reliable results were ob-

tamed when three half-cycles of the observed output sig-

nals (first arrivals) were used. Differences between de-

rived and "observed" source energies were mainly due to

near-source propagation losses for the different explo-

sions. When explosions in granite were used as calibration

sources, the energies derived for explosions in tuff, al-

luvium, and dolomite media were 88, 65, and 12 percent of

the respective "observed" source energies.
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SEISMIC SOURCE CHARACTERISTICS FROM

EXPLOSION GENERATED P WAVES

INTRODUCTION

General discussion of the problem

The immediate objective of this research was to deter-

mine the amount of information about the seismic source

signals generated by underground nuclear explosions that

could be recovered from the initial seismic waves, P, re-

corded at near-regional to teleseismic distances.

Seismic body waves from earthquakes have been used to

study the earth's interior since the early part of this

century, and much has been learned about the nature of the

earth. However, the study of the earth's interior has

necessarily been complicated by the uncertainties about

the signals introduced into the earth by the sources

(Bullen, 1963) . For natural events such as earthquakes

for which the locations, depths, and origin times are not

always precisely known, the utilization of amplitude in-

formation to determine source and propagation effects is

complicated by uncertainties in the radiation patterns at

the source and the path of energy transmission. With the



advent of underground nuclear explosions, emphasis was

placed upon documenting the seismic waves at all epicentral

distances (near-source to teleseismic) with precisely call-

brated receivers. For these sources, the location, depth,

and origin time can be precisely controlled so as to reduce

some of the complications inherent with natural events.

Thus, experimental conditions are nearly ideal for utiliz-

ing the recordings of nuclear explosions to determine how

much information about the source is retained in the

initial seismic wave (P) propagating to different epi-

central distances.

The relationship between the initial seismic wave

(primary wave) recorded at a seismograph station (output

signal) and the seismic signal at the source (input signal)

is illustrated in Figure 1 below. The earth-receiver sys-

tem includes all of the effects of the source environment,

earth-receiver
input signal system -3 output signal

Figure 1. Block diagram showing the relation of the

seismic waves recorded at distance to the

seismic signal at the source.
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propagation path, and the recordin.g instruments.

Gutenberg (1944) pointed out that, in principle, the

seismic waves at distance may be predicted if the velocity

structure and the attenuation within the earth are known.

This approach is essentially the problem of solving the

wave equation with boundary conditions established by the

physical properties of the earth. A solution in terms of

particle displacement for a single frequency may be repre-

sented as shown in equation (1)

-'r
U(r,w) = EJF(r)e U (w) , (1)

0

where: U(r,w) = particle displacement at the distance r;

U(w) = particle displacement at the source;

w = frequency in radians per second;

E = factor representing the boundary losses

(including free surface effects and in-

strument magnification)

F(r) = geometrical spreading factor; and

cc = factor representing the attenuation of

the earth.

In general, each of the terms in equation (1) may be corn-

plex functions of frequency and are usually not completely

known. Primarily, this is due to the inability to



completely define the boundary conditions applicable for

a given propagation path, However, an alternate approach

may be used to predict the primary waves at distance. The

source conditions, propagation path, and recording instru-

ment may be considered from the standpoint of a lumped

system and the separate effects of each of the components

of the system may be lumped into one operator as shown in

equation (2).

(2)U(r,w) = [H(wir)] lu (w)1
o

j

where H(w,r) is the lumped operator for the source-

propagation path-receiver system. The problem then con-

sists of determining the lumped calibration operatoç.

H(w,r) , by utilizing near-source and distant station re-

cordings of seismic waves for a given explosion. If the

recording station has been calibrated in this manner, it

should be possible to derive source information from other

distantly recorded signals. The purpose of this research

was to determine the constraints involved in using lumped

calibration operators to derive the seismic source infor-

mation from signals recorded at different epicentral dis-

tances and to evaluate the capabilities of this method of

calibration.



5

Basic Theory

A physical system, such as the earth-receiver system,

operates on an excitation from an earthquake or an explo-

sion so that the seismic signals recorded at distant seis-

mograph stations represent the response of the system to

the exictation (see Figure 1) . In general, the response

to every conceivable input signal must be known to des-

cribe completely any system, but a system can be calibra-

ted for a limited set of signals. For the system under

consideration, the assumptions of linearity, passitivity,

stability, time invariance, and causality greatly simplify

the specification of the system.

A system is linear if its operator is independent of

the amplitude and waveform of the input signal. Although

the extent to which the earth satisfies the linearity con-

dition is not completely known, the assumption of linear-

ity for the earth-receiver system is common and will be

made in this research. A system is passive if the output

signal is derived only from the source (i.e., if the sys-

tern itself does not generate energy). The earth-receiver

system is passive, but noise, such as microseisms, may

cause it to appear nonpassive. If the signal due to



noise is large with respect to the source-related signal,

the analysis of the response of the system is greatly com-

plicated. A system is stable if the output signal as well

as the input signal is bounded. A system is time invari-

ant if its operator does not change with time. A causal

system has the property that if the input signal is zero

for time t t1 then the output signal must be zero for

time t t1 + T, where T is the time required for the

signal to propagate through the system. These three con-

ditions are satisfied by the earth-receiver system.

Papoulis (1962) discussed the above properties and

expressed the response, fout(t) , of such a system to an

excitation, f.(t) , as the convolution integral

t
f (t) = h(t) * f. (t) = h (t -A) f () d,, (3)

Jo
in Aout in

where: fout(t) = output function of time;

h(t) = impulse, (t), response of the system

and

= input function of time.

If f. (t) , h(t) , and f (t) are Fourier transformable
in out

then each term in equation (3) may be written in the fre-

quency (w) domain for a given distance, r, in terms of the

Fourier transform as shown in equations (4) , (5) , and (6)
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,-00
10. (w)

t)e dt (4)F. (w) = F. (w)l e in f
-iwt

in in -J in
-00

r°° -iwt10 (w)
F (w)

IF'
(w)l e out = f (t)e dt (5)

out out J out
-00

±0(w) 00 -iwt
H(w)

H(w)I e H =Jh(t)e dt, (6)

-00

where: w = frequency in radians per second;

± = (-1) 2

F. (w) = modulus of the Fourier transform of
in

the input signal, f.(t);

0(w) = phase relation of the Fourier trans-

form of f. (t);
in

F (w) = modulus of the Fourier transform of
out

the output signal, ft(t);

= phase relation of the Fourier trans-

form of f (t);
out

H(w)I = modulus of the Fourier transform of

the impulse response of the system,

h(t); and

= phase relation of the Fourier trans-

form of h(t).



Equation (3) is written in the frequency domain as shown

in equations (7) and (8)

F
(w)f

I""I IF. (w)Iout in

0 (w) = 0 (w) + 9. (w). (8)out H :1-n

Equations (7) and (8) are equivalent to the operator equa-

tion written in equation (2) where IH(w)I and Ø(w) cor-

respond to the amplitude and phase of the lumped calibra-

tiori operator for the earth-receiver system. Therefore,

if the calibration operator were known, then the spectrum

of a distantly recorded signal could be used to determine

the amplitude and phase of the source spectrum as shown in

equations (9) and (10)

(w)I

IF.
(w)t = I (9)

out I

in H(w)

0. (w) = 9 (w) 0 (w). (10)in out H

The problem of using equations (9) and (10) to describe

the spectra of source signals from recorded output signals

then becomes one of correctly describing the calibration

iØ(w)
operator, H(w) e H , and defining the constraints

which limit the use of the operator.



Approach to the problem

One approach to formulating a mathematical calibra-

tion operator has been to separate the operator into corn-

ponents which correspond to each portion of the path

transversed by the seismic waves in going from the source

through the receiver as shown in Figure 2.

Source Earth's
Crust Deep

Interior

F.(w)-
Hsc(w) I

Receiver Recording
Crust Instrument

H (w)I )[I(W)j-.-F(W)
rc I

Figure 2. Block diagram showing the components

of the lumped calibration operator for

the earth-receiver system.

Each of the individual components has an operator asso-

ciated with it which is, in general, a complex function of

frequency. If expressions could be written for each of

the individual components of the system, then the signal

recorded at the station could be traced backwards from

the recording station to the source by correcting for

each component which took part in shaping the waveform of

the signal. If this approach is taken, then equations (9)

and (10) are expressed as shown in equations (11) and (12).
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F (w)I
F. (w) = out

(11)in

[ IH
(w)l

H (w) H
(w)I

ji(w)f

}

SC
I

D rc

O (w) = 0 (w) (w)
+ +

(w) + Ø(w)]in out sc rc

(12)

Therefore, the calibration operator for a given propaga-

tion distance, r, would be the product (in the frequency

domain) of the individual components as shown in Figure 2

and as given in equations (11) and (12) . However, such

an approach does not consider the earth-receiver system

as a lumped system, and mathematical expressions for each

of the separate components of the operator must be formu-

lated.

Fuchs (1966) gave the source crust operator, H(w),

for body waves from three types of point sources located

in a flat-lying layered crust overlying a homogeneous

half-space. Haskell (1962) gave a matrix formulation for

the effects of the earth's crust at the recording station,

H(W). The receiver operator, 1(w), is normally well

known (Bogert, 1962). Ben-Menahem, Smith, and Teng (1965)

used Haskell's crustal operator and operators for the

earth's deep interior, H(w), which included the effects

of geometrical spreading and attenuation, to correct
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long-period P wave signals to determine the source

parameters of earthquakes. Toksôz, Ben-Menahem, and

Harkrider (1964) applied a similar technique for seismic

surface waves to determine the parameters of explosions.

However, Teng and Ben-Menahem (1965) indicated that for

periods less than ten seconds the operators were not ap-

plicable, and that long-period body waves did not serve as

an efficient tool with which to estimate source charac-

teristics for explosions or earthquakes of magnitude less

than seven. In order to apply this technique to seismic

waves of frequency greater than 0.1 cps, the geology, at

the source and recording station, and the propagation

path effects would have to be known more accurately than

is now commonly the case. For example, the attenuation

and geometrical spreading terms are difficult to formu-

late accurately for high frequencies due to incomplete

knowledge of the velocity structure and the absorptive

character of the earth's interior. Also, the geological

structures at recording stations are not normally known

to the extent needed to formulate a crustal operator.

Therefore, this approach to solving the problem of des-

cribing source parameters from distant seismic signals

is severely limited when applied to seismic waves of



frequencies greater than 0.1 cps.

The approach used in this research was to "calibrate"

a recording station using the source signal observed near

an explosion and an output signal recorded at the station.

That is, if the signal both at the source and at the re-

ceiver are known for one source then the calibration oper-

ator can, in: principle, be determined as shown in equations

(13) and (14). In order to avoid confusion in the follow-

ing discussion, the Fourier transforms of the input and

output signals of the calibration source are denoted by

C.(w) and Cout(W) respectively, and the Fourier trans-

forms of the input and output signals for the unknown

sources are denoted by U. (w) and U (w) , respectively.
in out

C1j
= (13)Ic (w) I

I in

0 (w) = @ (w) - 9. (w) (14)H out in

where: Ic(w)1 = the amplitude spectrum of the input

signal from the calibration source;

G.(w) = the phase spectrum of the input signal

from the calibration source;

Ct(W) = the amplitude spectrum of the output

signal from the calibration source; and
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Gt(w) = the phase spectrum of the output signal

from the calibration source.

Then for any other distant signal for which the calibration

applies, a source spectrum can be derived using the dis-

tant signals as shown in equations (15) and (16).

1C (w)l
IU

(w)f

IU (w)l
-1 in out

(15)
in (w)I

out

'V. (w) = G. (w) G (w) +4J (w) (16)
in in out out

where:
IU.(w)( = the amplitude spectrum of the input

signal from the unknown source;

V.(w) = the phase spectrum of the input sig-

nal from the unknown source;

IU(w) = the amplitude spectrum of the output

signal from the unknown source; and

'j/(w) = the phase spectrum of the output

signal from the unknown source.

The seismic energy and the waveform of the unknown source

signal can then be computed. For example, the waveform

of the unknown source signal can be obtained from the

derived spectrum by using the inverse Fourier transform of

i91. (w)
U (w) e in , as shown in equation (17)
in
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Ic. (w)t ( (w)I
u.(t) = T1{

Ic0t(w)I
exp [i(Q.(w)

out(]J , (17)

where T denotes the inverse Fourier transform of the

quantity in brackets. Equations (15) , (16) , and (17)

define the method of calibration to be evaluated in this

research.

The most obvious requirement of this approach is that

to calibrate a recording station both the seismic signal

at the source (input signal) and the signal at the station

(output signal) must be known for an event. Measurements

of ground motion in the proximity of the elastic-inelastic

boundaries of several underground explosions are available

which offer the best opportunity to date to describe the

input signal to the earth system for any seismic event.1

In this research, the seismic waves from six underground

explosions were analyzed with respect to the use of the

calibration method to describe seismic source character-

istics.

1. The elastic-inelastic boundary effects to the radius
of the equivalent cavity which separates the inelastic
region surrounding an explosion from the elastic region
in which strains can be approximated using infinitesi-
mal strain theory, either purely elastic or allowing
for frictional losses (Kisslinger, 1963)
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It is well known that information is filtered from

signals propagated through the earth-receiver system and

therefore limitations on the completeness of the source-

related information contained in the output signals repre-

sent a constraint on the method of calibration. Closely

associated with the constraint of the incompleteness of

the output information is the constraint due to the

effects of noise which may contaminate the output signals,

where noise is defined as any information which is nott

source-related.

For point sources in an infinite homogeneous medium,

the compressional waves generated by explosions and the

signals recorded within the medium would be directly re-

lated as was shown in Figure 1. However, the earth is a

finite and heterogeneous medium, so the compressional wave

generated by an explosion is the source of several types

of waves recorded at the distant stations. The seismo-

grams recorded at the seismograph stations, therefore,

consist of many arrivals which have propagated to the

stations by different paths. Some of these waves inter-

fere with the initial P waves and this makes it difficult

to define the first arrival on the records, which is

another constraint on the calibration method. In this
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research different durations of the first arrivals

(primary waves) were used as the output signals, and the

effects of the duration of the output signals on the

method were considered.

Since the geology of the near-source region contrib-

utes to the lumped calibration operator, changes in the

operator due to differences in source conditions represent

another constraint on the method of calibration. Under-

ground nuclear explosions may differ in location, depth,

medium, and/or size. The extent to which these factors

affect the use of the lumped calibration operator is con-

sidered in the analysis,

The investigation of the constraints that were in-

volved in the application of the calibration method was

confined to first arrivals generated by underground nuclear

explosions. The initial motion was clearly identifiable at

the recording stations. Since uncertainties about the in-

put and output signals were minimized for the data used,

the constraints investigated were those associated with

the best quality seismic data that were available.
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DATA

Seismic data from six underground nuclear explosions

were used in this research. Pertinent information about

the explosions is given in Table I. The locations of the

explosions are shown in Figure 3. All of the explosions

except Shoal were located within the Nevada Test Site

(NTS), and the geology of the NTS was described by Johnson

and Hibbard (1957) McKay (1962) , and Springer (1966)

The location of the Shoal explosion was approximately

300 kilometers north of the NTS in the Sand Springs Range

of central Nevada, and the geology of the area was des-

cribed by the Nevada Bureau of Mines (1962).

Particle velocity as a function of time was measured

at shot depth in the elastic region near the elastic-

inelastic boundaries of the Hardhat, Haymaker, Shoal and

Handcar explosions.2 The subsurface instruments were

2. The subsurface records from all of the explosions ex-
cept Hardhat were obtained from the Sandia Corporation
through the courtesy of William Perret and Wendell
Weart. The subsurface recording from the Hardhat ex-
plosion was obtained from the Stanford Research Insti-
tute through the courtesy of Larry Swift.



TABLE I. Information about the explosions.

Explosion Date Time of Explosion Coordinates Type Shot Yield
Name Detonation North West of Depth

(GCT) Latitude Longitude Medium (km) (Ktons)*

Hardhat 2/15/62 18:00:00,10 37 l3135u 116 03'34" granite 0.29 5.9

Haymaker 6/27/62 18:00:00,12 37 02'30" 116 O2'O7' alluvium 0.41 56

Bilby 9/13/63 17:00:00.13 37 03138u 116 0l'lS" tuff 0.70 220

Shoal 10/26/63 17:00:00,12 39 l20l" 118 22'49" granite 0.37 12

Handcar 11/5/64 15:00:00,10 37 lO28" 116 04'Ol" dolomite 0.40 10

Pile Driver 6/2/66 15:30:00,10 37 13'37" 116 03'20" qranite 0.46

*One kiloton (Kton) is defined as a total energy release of i012 calories

= 4.2 x 1019 ergs, (Johnson et al 1959),
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Figure 3. (a) Map showing the locations of the Shoal
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and recording stations.
(b) Enlargement showing the locations of
the explosions within the Nevada Test Site.
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described by the Sandia Corporation (1963, 1965). The

frequency response of the instruments was constant in the

frequency range 0.1f300 cycles per second (cps), and

the dynamic range of the instruments was from 3.0 x 100 to

1.8 x 1O4 cm/sec (Sandia Corporation, 1965), The locations

of the subsurface instruments used for the Haymaker and

Shoal explosions were described by Trembly and Berg (1966)

and Swift (1962) described those for the Hardhat explosion.

No data have been published about the locations of the

subsurface instruments near the Handcar explosion. The

radial component of the particle velocity measured by the

subsurface instruments at shot depth in the proximity of

the elastic-inelastic boundaries of the Hardhat, Handcar,

Shoal, and Haymaker explosions are shown in Figure
43

The range, r, of each of the subsurface instruments from

the explosions and the compressional wave propagational

velocity, c, observed in the vicinity of each explosion

are shown in the figure.

3. There were subsurface instruments at shot depth and
at a range of 0,59 kilometers in three quadrants
around the Shoal explosion and azimuthal assymmetry
in the seismic wave pattern was observed (Trembly and
Berg, 1966). Only the recording in the northeastern
quadrant was used in this research because all of the
distant recording stations used were in that quadrant
from the explosion
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Information pertaining to the distant seismograph

stations, from which records of the seismic events were

used for this research, is summarized in Table II, and

the locations of the stations are shown in Figure 3. The

recording stations at Mina, (MN-Nv) Nevada, and Mould Bay,

(NP-NT) Canada are Long Range Seismic Measurements (LRSM)

stations established under the VELA UNIFORM Program. The

Uinta Basin Seismological Observatory (UBSO), Utah, is an

observatory established under the VELA UNIFORM Program,

also. The station at Mould Bay, Canada, denoted by MBC

is a permanent seismograph station operated by the Depart-

ment of Mines and Technical Surveys of the Dominion Ob-

servatory.

The amplitude response (particle velocity) and phase

shift for the short-period vertical instruments at the

stations MN-NV, UBSO, and NP-NT are shown in Figure 5 and

are denoted LRSM.4 These responses pertain to the corn-

plete systems and are determined from electromagnetic

4. The response curves for the instruments at stations
UBSO and NP-NT may differ slightly from that shown
in Figure 5 because different seismometers were used
at these stations, but the difference would not af-
fect the results of this research.



TABLE II. Information about the recording stations.

Station Station Coordinates Explosion Epicentral Traveltime
Name North West Distance (Sec.)

Latitude Longitude (km.)

Mina, Nevada 38 26'lO" 118 08'53" Hardhat 228 35.4
(MN-Nv) Haymaker 242 37.6

Bilby 242 37.1
Handcar 231 35.7
Pile Driver 228 35.4

Uinta Basin 40 19'18" 109 34'07" Bilby 668 93.9
Observatory Shoal 765 106.4

(UBSO) Handcar 664 93.4
Pile Driver 660 92.2

Mould Bay, 76 15'08" 119 2211811 Bilby 4372 451.4
Canada Shoal 4131 434.3
(NP-NT) Pile Driver 4353 450.0

Mould Bay, 76 14'OO" 119 20'OO" Haymaker 4372 451.5
Canada Bilby 4372 451.5
(MBC) Shoal 4131 434.3

Handcar 4359 450.6
Pile Driver 4353 450.0

(A)
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station.
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pulse, shake-table, and weight-lift tests. The amplitude

responses for the LRSM systems may deviate from that shown

in Figure 5 by ± 10 percent at 0.1 cps, zero percent at

1.0 cps, ± 7 percent at 3.0 cps, and ± 30 percent at 10.0

cps due to changes in the systems over extended periods of

time. The recording systems are not considered to be re-

liable for frequencies above ten cps and are not routinely

calibrated for those frequencies (Geotechnical Corporation.

1963). Data from these stations are recorded on magnetic

tape as well as on 35 mm film.

The amplitude response (particle velocity) and phase

shift of the short-period vertical recording system at

station MBC are shown in Figure 5, also., The system res-

ponse curves were not available for frequencies greater

than ten cps. Seismic events were recorded on photo-

graphic paper at this station.

All of the output signals (distant recordings) used

in this research are shown in Figure 6. The P wave signal

was greater than the microseismic noise by approximately

10/1, for these recordings. The amplitudes on the records

were normalized by dividing record amplitude for each

event by the system magnifications at one cps. The ac-

curacy of the magnification at one cps has been estimated
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to be within ± 5 percent (Geotechnical Corporation, 1963).

The portions of the recordings shown in Figure 6 were

digitized for the purpose of analyzing the data. All of

the recordings except those from NBC were digitized from

magnetic tape at 0.02 seconds time interval, whereas the

paper recordings from NBC were digitized at the same time

interval using a traveling microscope.5 Both methods of

digitization were accurate to approximately ± one percent

of the peak normalized record amplitudes.

5. The recordings from the explosions Hardhat and Hand-
car at MN-NV, Bilby at UBSO, and ShoaL and Bilby at
NP-NT were digitized at 0.05 seconds time interval and
interpolated to 0.02 seconds time interval. The Bliby
recording at MBC was digitized for only 2.0 seconds of
record before the seismogram was returned.
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Figure 6a. The first arrivals recorded on the short-
period vertical instrument at station
MN-NV. A = normalized record amp1itde
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Figure 6b. The first arrivals recorded on the short-
period vertical instrument at station
UBSO. A = normalized record amplitude

in millimicrons (m ).
I = reduced time in seconds.
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ANALYSIS OF THE DATA

In this chapter, the distant stations are calibrated

using known input and output signals, and source functions

are derived using other seismic signals recorded at the

stations. In the first section the near-source recordings

are analyzed to obtain the observed source functions. The

effects of the source medium, the free surface, and pos-

sible residual displacements near the sources are dis-

cussed. In the next section, the observed source func-

tions are used to synthesize the initial waves at the

distant recording stations to aid in determining more

adequately the duration of the observed primary waves.

In the final section an observed output signal is used in

conjunction with an observed source function to derive

the lumped calibration operator. The calibrated system

(source-propagation path-receiver) is used to derive

source functions from other output signals. The observed

and derived source functions are compared as to waveform,

frequency content, and energy. The constraints on the

method of calibration are discussed.
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Observed source functions

The particle velocity waveforms, radial component,

shown in Figure 4 were recorded in the horizontal planes

of the explosions. Since the source signal that propa-

gates to large epicentral distances leaves the source at

angles to the vertical other than 90 degrees, it is

desirable to determine how indicative the waveforms in

Figure 4 are of the source signals in the lower hemisphere

of the explosion. The locations of the two subsurface

recording stations near the Hardhat explosion that were

used to make this comparison are shown in Figure 7a. The

two recording stations were located in the same azimuth

and at the same radial range, and the radial component of

particle velocity was measured using the same type instru-

ments in both cases. As shown in Figure 7a, station 2

was located at a 50 degree angle downward from a hypo-

thetical horizontal plane through the explosion. The

particle velocity waveforms recorded at the two stations

are shown in Figure 7b. The pulses were quite similar

in appearance, and the peak particle velocity amplitudes

were equal within ten percent, which was within the ac-

curacy of the subsurface data (Werth and Herbst, 1963).
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The seismic energy of each of the waveforms was cal-

culated using equation (18), (Howell and Budenstein, 1955).

E = 47RcL1T[v (l) j
2,

(18)

where: R = the range of the station;

jO = the density of the medium;

c = P wave propagational velocity;

= reduced time = time - travel time;

= digitizing interval; and

v(.) = digitized seismic trace.

The energy represents the total seismic energy (kinetic

plus potential) on a sphereical surface of radius equal

to the range of the subsurface station. The seismic

energies of the pulses recorded at the two stations were

within 25 percent of each other which was within the ac-

curacy of the data.

To compare the waveforms further, frequency analyses

of the two signals were performed using the digital

Fourier transform described in Appendix I. The funda-

mental period and time increment used were 5.0 seconds

and 0.004 seconds, respectively. The spectral amplitudes

to 25 cps are shown in Figure 7c, and the amplitudes for

all frequencies less than eight cps are within 10 percent
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for the two spectra. The amplitudes of frequencies above

eight cps at station 2 were greater than those at station

3. Also, the spectrum of the signal at station 2 had

secondary maxima centered about 11 and 17 cps which were

not as evident in the spectrum of the signal at station 3.

However, the differences in the spectra at the high fre-

quencies were not considered significant to this research.

The spectral distribution of the seismic energy

measured at each of the two recording stations was cal-

culated using equation (19).

K
12

E(f ) = 87(R2iOcAf 5'
fG(f.)'

(19)
K /

-
i=l

where: R = the range of the subsurface station;

the density of the medium = 2.7 gm/cm3;

c = the P wave propagational velocity of the

medium = 5.1 km/sec;

f the frequency increment = 0.2 cps; and

IG(f)I
= the modulus of the Fourier transform of

the particle velocity waveforms.

The energies of the waveforms recorded at the two stations

were within 25 percent of each other for frequencies

f25 cps and within 20 percent for frequencies f8 cps.
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It was concluded that, within the accuracy of the data,

the particle velocity waveforms recorded at shot depth

near the Hardhat explosion (granite medium) were indicative

of the seismic signals that leave the explosions at various

angles with the horizontal. However, the near-source re-

cordings may not be as consistent for explosions located

in other materials, such as alluvium or tuff. No data

were available to determine the effects of inhomogenities

of the near-source materials on the consistency of the

subsurface recordings.

Since the explosions were located in the proximity of

a free surface, the subsurface recordings may contain

secondary arrivals such as reflections from the free sur-

face. If a pure signal is contaminated by a secondary

arrival, its spectrum will be modulated by a term which is

dependent upon the relative amplitudes of the first and

secondary arrivals and the time delay between them as

shown in equation (20).

S(w) = [A2+B2+2ABcoswA]2, (20)

where: Js(w)J = the modulus of the composite signal;

F(w)I = the modulus of the uncontaminated signal;

A = the amplitude of the uncontaminated signal;
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B = the amplitude of the secondary arrival;

= the time delay of the secondary arrival;

and

w = frequency in radians per second.

If B is small relative to A, the amplitude of the modula-

tion term (the term within the brackets in equation (20)

will approach A, the amplitude of the uncontaminated sig-

nal. The time delay, A. , governs the shape of the modula-

tion term. The smaller the time delay, the broader the

modulation term will be on the frequency axis (see Appen-

dix II, Figure 20a) . This modulation effect may be seen

in Figure 7c, and the small amplitude secondary arrivals

causing the modulation are indicated in the waveforms in

Figure 7b by the arrows. The origin of the secondary ar-

rivals is unknown. If the secondary arrivals were surface

reflections, the propagation velocity of the arrivals

would be approximately 6,6 km/sec as compared to the 5.1

km/sec propagation velocity observed for the first ar-

rival. Further, the polarity of the secondary arrivals

is opposite to that expected for compressional waves re-

flected from the free surface.

The amplitudes of the reflected compressional and the

converted shear waves from the surface at the subsurface



stations were found to he less than ten percent of the

amplitudes of the direct arrivals (Trembly, 1966), This

resulted from the combined effects of the reflection co-

efficients, geometrical spreading, and attenuation losses

over the additional path length. Hence, rio corrections

were made to the near-source waveforms to account for re-

flections from the free surface,, However, the surface re-

flectiorts may be important at greater epicentral distances

and are considered later in this context The effects of

surface reflections on output signals are analyzed in

detail in Appendix IL.

Trembly and Berg (1966) compared the near-source

seismic waves of the Hardhat, Haymaker and Shoal explo-

sions to the signals from a theoretical point source des-

cribed by Berg and Papageorge (1964) This comparison

confirmed that the theoretical model provided a fair

approximation to the P waves generated by explosions.

These authors indicated that a component of the total

amplitude of the theoretical signal decreased as the in-

verse square of the distance from the source; while the

amplitude that propagated to large ranges decreased as

the inverse distance (neglecting other losses) and it

was termed the radiation field. The radiation field
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component was determined for each of the particle velocity

waveforms recorded at the near-source subsurface stations,

and it was considered as the source function of the earth-

receiver system,

Werth and Herbst (1962) defined the particle dis-

placement in terms of a reduced displacement potential

as shown in equation (2l)

_.._ (2L) (21)x(r,r) =
r

where: x(r,) = particle displacement;

= displacement potential;

T = reduced time;

c = compressional wave propagation velocity;

a nd

r = range0

The particle velocity u(r,) would then be given by

7i + zflu(r,)
2

r rc
(22)

where 0' and 0" denote differentiation with respect to 7.

Since the term JJ becomes negligible for large values

of r, the term O"(TL is the component of the source
rc

which governs the character of the seismic waves at large

epicentral distances (Berg and Long, 1966) The term



Ø"(Y) corresponds to the radiation field. solving equa-
rc

tion (22) for the radiation field yields

7-

u(7-) c exp(-cY) JexP(cT)u(r)d7-. (23)
rc r r r

0

Equation (23) was solved numerically to obtain the radia-

tion field component for each explosion,, The results are

shown in Figure 8. While the amplitudes of the radiation

field components of particle velocity were slightly less

than the total field amplitudes (compare Figures 4 and Sa),

the character of the waveforms was not changed appreciably.

The spectral amplitudes of the Hardhat total and

radiation field source functions are shown in Figure 8b.

The spectral amplitudes of the radiation field waveform

were approximately 10, 50, and 90 percent of the total

field amplitudes for frequencies 0.2, 1.0, and 4.0 cps,

respectively, and for frequencies greater than six cps

the spectral amplitudes were the same. Therefore, the

effect of removing the term 0' (7') from the total field
r2

was to reduce the low frequency content of the source

function. This effect was predictable since the operation

defined by equation (23) removed any long-period or resid-

ual displacements from the total amplitudes of the source

waveforms by making the net area under the particle
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velocity functions equal to zero.

The spectra of the radiation field of the source

functions for the Haymaker, Shoal, and Handcar nuclear

explosions are shown in Figure 8c The Haymaker (al1uviu

spectrum peaked at approximately 1.4 cps. Above five cps

the spectral amplitudes were approximately two percent of

the peak amplitude, and were not reliably related to the

source. The spectra of the source functions for the ex-

plosions in granite (Hardhat, Shoal) and dolomite (Hand-

car) were broader than that in alluvium (Haymaker) due to

the impulsive nature of the former sources. The Hardhat

and Handcar spectra peaked at 4.4 cps and decreased slowly

above six cps (4 decibels per octave). The Shoal spectrum

peaked at 3.6 cps and decreased to approximately 20 per-

cent of the peak amplitude at 18 cps. The spectral dis-

tribution of seismic energy of each of the source func-

tions (radiation field) was calculated, and the percentage

of the accumulated energy plotted versus frequency is

shown in Figure 8d for each of the sources. The total

seismic energy of each of the source functions (see

equation (18)) is also given in the figure. Eighty per-

cent of the P wave seismic energy was contributed by

frequencies in the band 1 f 3 cps for Haymaker,



2 f 8 cps for Shoal, and 3 f 12 cps for Hardhat

and Handcar,. Although the seismic energies of the Hardhat

and Handcar sources were approximately one order of mag-

nitude greater than that of the Haymaker source, only ten

percent of the Hardhat and Handcar energies were concen-

trated in the frequencies less than three cps. Therefore,

all of the seismic source energies were approximately

equal for those frequencies (O.2 f 3 cps). These

differences in the spectral distribution of the seismic

energies for the different sources may partially reflect

the effects of attenuation of the energy due to propaga-

tion of the signals to the subsurface stations. The ex-

tent to which this is the case is not known, and the

effect is assumed to be negligible.

Synthesized primary waves

The first motions on the records shown in Figure 6

include the primary waves from the explosions as well as

any reflections from the free surface and other later

pulses. The beginnings of the primary waves were well

defined, but the duration of the pulses were, in some

cases, difficult to determine due to the complexity of

the observed records. The source functions shown in
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Figure 8 were used to synthesize distant signals to aid

in determining the duration of the observed primary wave

at each station. The initial waves were synthesized by

operating on the source functions with a mthematica1 at-

tenuation filter and an instrument response operator ap-

plicable for each recording station. The effects on dis-

tant signals of the surface reflection from the source

were considered because the reflected signal may alter

the primary wave that was received.

Neglecting boundary losses, geometrical spreading,

and crustal effects at the receiver, the spectrum of the

signal at a recording station is related to the input

source signal as shown in equations (24) and (25).

1F

(w)

= IA(w)I lI(w)1 F. (w)l (24)1out
I I

in

9 (w) = 0 (w) + 0 (w) + 9 (w), (25)
:inout A I

±9 (w)where: IF (w)l e out = Fourier transform of
lout I

the received signal;

(A(w)f e1OA7) = attenuation operator;

I(w)f e01 = the recording instrument

response; and



1G. (w)
IF (w)1 e in = Fourier transform of theun

I

input source signal.

F (w) and @ (w) in equations (24) and (25) representout out

the modulus and phase of the signal at the station if no

secondary arrivals are considereth If the source signal

has been contaminated by a reflection from the free sur-

face above the source, then the input signal will be a

combination of the pure source signal and the reflected

signal. It was assumed that the reflection coefficient

for the free surface is not a function of frequency and

is negative (i.e. a compressional wave reflected from a

free surface is 180 degrees out-of--phase with the mci-

dent wave at the angles of incidence considered in this

research) . Equations (24) and (25) are then expressed

in a form analogous to equation (20) (see Appendix II),

as shown in equations (26) and (27)

frouti IA(w)I II(w)1 IF.(w)J
[i +1R12

21R1 cos(wA (26)

9(w) = ØA(w) + Ø1(w) + tan1 Jjj sin (wA.) (27)

1 -IRIcos(wA)

where: JR( = the reflection coefficient at the surface,

(0Rl) and
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A= the delay time of the surface reflection.

When solving dynamic problems in seismology such as

determining the seismic waveforms at various epicentral

distances from an explosion, allowance must be made for

the fact that the earth is not an ideal elastic medium.

It is an absorbing and scattering medium in which part of

the mechanical energy of the P waves is converted to other

phases and to other forms of energy such as heat. Kogan

(1966) has analyzed and summarized many of the suggested

mathematical models for attenuation as to their success

in describing the observed phenomena and in satisfying

the basic requirements of the propagation of seismic

waves. Although there is no general agreement on the

best way to represent the attenuation of seismic wave

energy, the attenuation filter suggested by Futterman

(1962) has been used in studies involving seismic wave

attenuation by several investigators. Werth, Herbst, and

Springer (1962) and Werth and Herbst (1963) used this

filter together with appropriate instrument responses and

crustal models to synthesize the seismic waves recorded

to epicentral distances of 600 kilometers from underground

explosions. Wuenschel (1965) experimentally verified the

attenuation filter using models to simulate real earth



materials. Laun (1965) used the attenuation filter in

the reverse problem of describing the Gnome source func-

tion from recordings at epicentral distances from 250 to

350 kilometers. Carpenter (1966, 1967) used Futterman's

attenuation filter together with appropriate receiver

responses to synthesize the seismic waveforms recorded at

teleseismic distances from underground, underwater, and

atmospheric explosions.

In this research, Futterman's attenuation filter was

used in the synthesis of the waveforms. For the frequen-

des considered (0.2f25 cps), the modulus of the

attenuation filter, IA(w)I , and the accompanying phase

relation, ØA(w) , necessary to satisfy the causality con-

dition reduce to equations (28) and (29), respectively

(Werth, Herbst, and Springer, 1962; Sarmah, 1966).

A(w)
-ITT f=exp(

I Ln(f /f) - (Ln7) )

0A =11- T(Q
27Yf

= modulus of the filter;

= phase of the filter;

w = frequency in radians per second;

(28)

f = frequency in cycles per second (cps)
;

27T
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f = cutoff frequency = f/20;

= fundamental frequency 0.2 cps;

T = traveltime (r/c);

c = propagation velocity;

r = epicentral distance;

Ln7' = 0.5772157 = Euler's constant; and

l/Q = specific dissipation function.

The attenuation filter, A(w), applicable for each

recording station was calculated from equations (28) and

(29) using traveltimes from Table II and values of Q given

by Sarmah (1966) and Long (1967)6. The moduli of the at-

tenuation filters used, the LRSM instrument velocity sen-

sitivity, the Handcar source spectrum, and the surface

reflection modulator for = 1.00 and 0.2 seconds

are shown in Figure 9a. (The arrows in the troughs in-

dicate that the amplitudes of the modulation term go to

zero, which is only the case when IRI = 1.00). The

spectra synthesized for stations MN-NV, UBSO, and NBC

using the Handcar source are shown in Figure 9b. The

6. Long, L.T. 1967. Assistant in Oceanography, Oregon
State University, Department of Oceanography. Per-

sonal communication. Alexandria, Virginia.
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amplitudes of the synthesized spectra were limited on the

high-frequency end of the passband by the attenuation

filters. On the low-frequency end the spectra were

limited by the small number of low frequencies present in

the source functions and by the: lack of response of the

recording systems to the low frequencies. Also, the ef-

fect of the surface reflection modulator on the synthe-

sized spectra was small due to the dominant effect of the

attenuation filters on the shape of the synthesized spec-

tra at the high frequencies.

The synthesized pulses were formed from the synthe-

sized spectra using the digital inverse Fourier trans-

form with a fundamental period of five seconds. The

pulses synthesized for stations MN-NV, UBSO, and MBC

using the Handcar and Haymaker sources with no surface

reflections included (R = 0) are compared to each other

and to be observed signals in Figure lOa. Since boundary

losses and geometrical attenuation were not included

in the synthesis, the absolute amplitudes of the distant

signal were not known. For this reason, the amplitudes

of the first half-cycle of the synthesized and observed

signals were normalized. A detailed analysis of the

observed signals is presented later in this chapter, but
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a cursory comparison between the observed and derived sig-

nals is given below.

At station MN-NV, the pulse synthesized using the

Handcar source was shorter in time duration than that

synthesized using the Haymaker source. This was due to

the high-frequency content of the Handcar source function

as compared to that of the Haymaker source. However, as

the epicentral distance was increased, the signals synthe-

sized using source signals from different explosions be-

came more nearly similar in duration and waveform due to

the attenuation of the high frequencies. At the greater

epicentral distances, the low-frequency portion of the

source spectra governed the character of the synthesized

waveforms. Since all of the source spectra were very

similar for the low frequencies (see Figure 8c), the

synthesized waveforms were similar.

At station MN-NV, the observed Handcar and Haymaker

signals were similar to the synthesized signals for the

first cycle. After the first cycle, the observed signals

were contaminated by secondary arrivals and were not

similar to the synthesized signals. At station UBSO,

the observed signal from the Handcar source was evidently

contaminated by other arrivals in the initial portion of
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the signal and did not compare well with the synthesized

signals. At station MBC, the Handcar signal was contami-

nated by a large amplitude secondary arrival at approxi-

mately 1.1 second and was similar to the synthesized sig-

nal for the first cycle of motion only. Although the

third half-cycle of the observed signal at MBC from the

Haymaker source had a larger amplitude than that of the

synthesized signal, the two waveforms were similar until

2.4 seconds when a secondary arrival was evident in the

observed signal.

In Figure lOb the observed signals for station MN-NV

(Hardhat) and NP-NT (Shoal) are compared to the waveforms

synthesized with no surface reflection of energy ( 0)

and to the waveforms synthesized with a total surface

reflection of energy (IRI = l.00). At station MN-NV, the

first cycle of the pulse synthesized with no surface re-

flection closely approximated the first cycle of the

7. The delay times were approximated using the propaga-
tiona]. velocities observed at the subsurface stations
and the depths of the explosions given in Table I.
Several values of R between zero and one were used in
the synthesis, but only the waveforms calculated
using the extreme values (RI = 1.00 and Rt = 0) are
shown in Figure 1Ob
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observed signal, whereas the waveform synthesized with the

included surface reflection was a poorer approximation to

the observed signal,, After the first cycle the observed

signal was contaminated by other arrivals of seismic

energy and was not similar to either of the synthesized

pulses. At station NP-NT, the amplitudes of the first

three half-cycles of the observed signal (Shoal) were

closely approximated by the waveform synthesized with the

surface reflection included, whereas the amplitudes of the

second and third half-cycles of the synthesized pulse

were too small when no surface reflection was included.

Additional contamination of the observed signal by ar-

rivals after approximately 1.3 seconds precluded compari-

son of the synthesized and observed signals after that

time.

Although the addition of a surface reflection im-

proved the comparison of the synthesized pulses to the

observed waveforms in some instances, this was not always

the case, and no conclusion as to the presence of the re-

flection could be made from these data. The purpose of

synthesizing the waveform was to help determine the

character and duration of the primary waves (first

arrivals) recorded at distant stations. Thus, the



57

synthesized arrivals would serve as an aid in picking the

signals to be used in later analysis. It was found that

while the character of the pulse was affected by surface

reflections, the time durations of the synthesized pulses

were not affected. This was due to the fact that the

attenuation filters dominated the synthesized spectra, and

the modulation effect of the surface reflection was super-

imposed on the rapidly decreasing spectral amplitudes (see

Figure 9b). Therefore, the reflections did not appre-

ciably modify the duration of the synthesized waveforms.

The derivation of the source characteristics from a dis-

tant signal which is complicated by a surface reflection

is discussed briefly in the next section and in greater

detail in Appendix II.

Derived source functions

In this section the seismic signals recorded at near-

regional, regional, and teleseismic distances (see Figure

6) are Fourier analyzed, and the effects of secondary

arrivals and noise on the spectra are discussed. A near-

source signal from an explosion is used with signals from

the explosion recorded at the different epicentral dis-

tances to calibrate the stations. Source signals for



other explosions are derived using distant signals re-

corded from them with the method defined by equations (15)

(16), and (17). The derived source signals are compared

to those observed near the explosions as to waveform,

spectralcontent, and energy content. The effects of each

of the constraints discussed earlier (see Chapter I, page

14-16) are described. The analyses are presented sepa-

rately for the near-regional, regional, and teleseismic

distances.

Near-regional distance. - The seismic signals re-

corded at station MN-NV were shown in Figure 6a, and the

synthesized signals for that station (Hardhat, Handcar,

and Haymaker sources) were shown in Figure 10. The syn-

thesized signals were between 1.0 and 1.5 seconds dura-

tion, depending upon the impulsiveness of the source

function used in the synthesis. The observed waveforms

were similar to the synthesized signals for the first

cycle of motion, which was approximately 0.5 seconds of

record (see Figure 10). After the first cycle, the ob-

served waveforms were contaminated by other waves arriv-

ing at the station. At station MN-NV, a prominent

arrival was recorded approximately 1.2 seconds after the

time of the first arrival (initial motion at 7= 0,



reduced time), and another large amplitude phase arrived

at approximately 2.5 seconds,

The arrival at 1.2 seconds made it necessary either

to truncate the recordings at or less than one second, or

to include that arrival and truncate the records before

the next arrival at 2.5 seconds. In order to examine all

possibilities, the Hardhat recording was truncated at 0.6,

1.0, and 2.2 seconds, and each signal was transformed into

the frequency domain. The Fourier amplitude spectra are

shown in Figure lla. The fundamental period and time in-

crement used in the digital Fourier transform (see equa-

tions (32) and (33) in Appendix I) were 5.0 and 0.02

seconds, respectively. The arrows shown with the signal

in the figure indicate the truncation times. The ampli-

tudes of the spectra were normalized to the peak ampli-

tudes for comparison purposes, and the actual amplitude

of the peak of each spectrum (Am) is given in the figure.

The spectrum of each truncated pulse peaked at 2.4 cps

and decreased rapidly to ten percent of the peak ampli-

tude by six cps and to approximately two percent of the

peak amplitude by eight cps. At frequencies greater than

ten cps the amplitudes were approximately one percent of

the peak amplitude.
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The spectrum of the signal truncated at 2.2 seconds

varied rapidly, partially due to the modulating effect of

the secondary arrival at 1.2 seconds (see equation (20)).

The spectrum of the signal truncated at one second was

smoother but had a second maximum centered at about 4.2

cps, partially due to the modulating effect of the four

cps rider included in the signal (see the signal in

Figure ha). The spectrum of the signal truncated at 0.6

second was smoother than the other spectra and showed no

modulation effects for frequencies below eight cps. The

spectra were smoother as the duration of the signal was

decreased due to a combination of the removal of secondary

arrivals and to the decreased frequency resolution accord-

ing to the uncertainty principle associated with the

Fourier transforms (Papoulis, 1962; Huang, 1966)

The amplitudes of the spectra of the Haymaker signal

which was truncated at 1.0 and 2.2 seconds are compared

in Figure llb. The spectrum of the 1.0 second duration

signal was smoother than the spectrum of the 2.2 second

signal. Each of the Haymaker spectra peaked at 1.6 cps

as compared to 2,4 cps for the Hardhat spectra. The

amplitudes decreased to ten percent of the peak ampli-

tudes by four cps and to one percent by seven cps.
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The spectral amplitudes of the Bilby, Handcar, and

Pile Driver recordings truncated at approximately one

second are compared in Figure 12 for station MN-NV. Each

spectrum is normalized to its peak amplitude. The spectra

were similar below eight cps in that they all peaked at

approximately 2 cps and decreased to ten percent of the

peak amplitude by four cps, However, the frequency and

amplitude of the secondary maxima and the character of

each spectrum above eight cps differed for each signal.

The amplitudes of the Hardhat and Handcar spectra (not

shown in Figure 12) were approximately ten times greater

than the amplitudes of the Haymaker, Bilby, and Pile

Driver spectra at frequencies above ten cps, due to the

different digitizing procedures used (see the discussion

in Chapter II), but the effect was outside the band of

frequencies for which the instruments were reliably cal-

ibrated

If the passbands of reliable frequencies of the

spectra are defined as those frequencies for which the

amplitudes are greater than ten percent of the peak

amplitudes, then the low-frequency cutoff was 0.2 cps and

the high-frequency cutoff was 4,0 cps for all of the out-

put signal spectra at station MN-NV. If the spectral
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amplitudes above ten cps are assumed to be dominated by

noise, then the above definition of the most reliable

frequencies is equivalent to a minimum allowable signal-

to-noise ratio of 10/1 in the spectra.

It was shown in equation (26) that the effect of con-

taminating an output signal with a reflection, from the

free surface near the source, would be to modulate the

output signal spectrum. However, for the synthesized out-

put spectra of distant signals, the modulation effect was

not pronounced because the spectral amplitudes decreased

rapidly at the high frequencies due to the effects of

attenuation (see Figure lOb). The modulation effect of

surface reflections possibly contained in the spectra of

output signals shown in Figures 11 and 12 was not clearly

evident. The combination of the effects of attenuation

and of modulation of the spectra by other secondary ar-

rivals, for which the delay times and amplitudes were

greater than those of possible surface reflections, would

have masked any modulation by surface reflections. When

the time duration of the output signals was decreased to

remove the effects of other secondary arrivals, no modu-

lation was observed in the spectra of the output signals

within the passbands of reliable frequencies. Therefore,



no conclusions could be drawn from these data as to

whether surface reflections contaminated the first ar-

rivals at the station MN-NV.

The criteria for selecting an explosion (source) to

calibrate the earth-receiver system are: (1) the source

function must be known; (2) the source function should be

impulsive to allow the station to be calibrated for as

many frequencies as possible; and (3) the signal level at

the station of interest should be large in order to mini-

mize the effects of noise. (Noise was defined as any

portion of the signal which is not source-related). Cal-

ibration sources which satisfy these criteria make it pos-

sible to determine the limitations imposed on the method

by the constraints discussed on pages 14-16 in Chapter I.

On the basis of the above criteria the Hardhat

explosion was used to calibrate the station MN-NV for

seismic signals from nuclear explosions in the Nevada Test

Site. Equations (15) and (16) were used to derive the

spectra of the source functions for events, other than

the Hardhat explosion, which are listed in Table II. In

iG. (w)equations (15) and (16) C (w) e in andtin I

iG (w)
IC (w) e out were the spectra of the observedlout I

Hardhat source function and output signal, respectively,
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i (w)
and 'U (w)I e out was the spectrum of the outputlout I

signal of the event for which the source function was to

be derived.

The moduli of the source spectra derived for Haymaker

using the output signals truncated at 2.2 and 1.0 seconds

are compared to the observed source spectrum in Figure 13a

for frequencies to the folding frequency of the data

(25 cps).8 The source spectrum derived using the 2.2

seconds duration output signals was rapidly varying even

within the passband of reliable frequencies (f4 cps).

This was due to the modulating effects of a large ampli-

tude secondary arrival at 1.2 seconds in the output signal

(see Figure 6a) for which the calibration was evidently

not adequate. It is shown in Appendix II that if the

calibration does not include the effects of a secondary

arrival acequately (both in character and arrival time),

then spikes may appear in the derived source spectra -

as was the case here.

The Haymaker source spectrum derived using the 1.0

8. The analysis was also carried out using the Hardhat
output signal truncated at 0.6 seconds, but the re-
sults did not differ significantly from those ob-
tained using the signal truncated at one second.
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second duration output signals was smoother than the

above spectrum but had less amplitude than the "observed"

source spectrum (f 4 cps). The derived spectrum con-

tamed large amplitude spikes at frequencies about four

cps which were due to the effects of noise in the two

(Hardhat and Haymaker) output spectra (see equation (15)

and Figure 11).

The amplitudes of the source spectra derived for the

Handcar explosion using output signals truncated at 2.2

and 1.0 seconds are compared to the "observed" Handcar

source spectrum in Figure 13b for frequencies to the

folding frequency (25 cps). The source spectra derived

using the 1.0 and 2.2 seconds duration output signals

were somewhat similar to the "observed" Handcar spectrum

for frequencies less than four cps. At frequencies

above four cps the derived spectra had isolated large

amplitude spikes due to the output signal spectra having

been dominated by noise at those frequencies. At all

frequencies the derived spectral amplitudes were less

than those of the "observed" spectrum.

The source functions, u (t), for both of the
in

derived source spectra (one and 2.2 second signals) for

the Haymaker explosion were obtained using the inverse
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Fourier transform and using: (1) all frequencies to

the folding frequency (f 25 cps) and (2) only the re-

liable frequencies (f 4 cps) are shown in Figure 14a.

The observed source function for the Haymaker explosion

is shown in the figure for comparison with the derived

functions. It should be noted that filtering the fre-

quencies above four cps from the observed source function

did not significantly alter the character of the waveform

because the amplitudes for these frequencies were negli-

gibly small (see Figure 8c).

The source functions obtained from the spectra de-

rived using the 2.2 second duration output signals were

essentially two cps sine waves oscillating over the corn-

plete fundamental period because the spike at two cps in

the derived spectrum was dominant. The spike was a con-

sequence of the secondary arrival at 1.2 seconds in the

Hardhat and Haymaker output signals at MN-NV, which was

apparently not as profound in the Hardhat data, and was

not incorporated into the calibration sufficiently.

The source function obtained from the spectra de-

rived using the 1.0 second duration output signals was

similar in waveform to the observed source function when

only the reliable frequencies were used. However, the
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amplitude of this derived source function was only 30 per-

cent of the amplitude of the observed source function.

The source functions obtained for the Handcar explo-

sion using both the derived source spectra are compared to

the observed source function in Figure 14b, for f25 cps

and f4 cps.9 The source function calculated using all

of the frequencies was very oscillatory due to the large

amplitude spikes in the derived source spectra for fre-

quencies greater than four cps. When only the frequencies

less than four cps were used, both of the derived source

functions were similar in character to the observed source

function but were only ten percent of the amplitude of it..

The seismic energies of the derived sources for the

Haymaker, Bilby, Handcar, and Pile Driver explosions were

calculated (see equation 19) from the derived source

spectra and are given in Table III, The frequency bands

used in the calculation of energy were f4 cps (the band

of reliable frequencies), and f25 cps (the total band of

frequencies to the folding frequency of the data). The

density, P wave propagational velocity, and range used in

9. The precursor shown in the observed source function
for f 4 cps was due to the ideal low-pass filter
used, which is noncausal.



TABLE III. Comparison of seismic energies of "observed" and
derived sources (MN-NV)-Hardhat calibration).

Explosion Frequencies "Observed" Source energy computed using
used source signals of duration:
(cps) energy 2,2 seconds 1.0 second

(x i18 ercis) (x lO (x 1018 ergs)

Haymaker f 25 0,89 2.5 0.81

f 4 0,82 1.9 0,58

Bilby f. 25 320.
I 52,

f4 42, * 250. 37.

Handcar f 25 14. 2.0 1,4

4 3,2 0.46 0.22

Pile Driver f 25 ** 48. 70.

f4 32. 42.

* Estimated from close-in surface measurements (Sarmah, 1966).
** No information available.

-.1



the calculations to the Hardhat source (the method used to

derive the spectra assumed these parameters to be the same

for the unknown sources as for the calibration source).

The energies of the observed sources for the Haymaker

and Handcar explosions are also given in the table for the

corresponding frequencies and the known parameters of the

sources. No subsurface instruments recorded source sig-

nals from the Bilby or Pile Driver explosions, However,

the seismic energy from the Bilby explosion was estimated

by Sarmah (1966) using strong-motion surface instruments

located from three to eighteen kilometers from the source.

The energies computed using all frequencies (f25

cps) are shown only for comparison and are not reliable

due to the predominance of noise in the output spectra.

The effect of the secondary arrivals in the output sig-

anls of 2.,2 seconds duration was to increase the derived

source energies for all of the explosions except Pile

Driver, and this effect was most pronounced for the Bilby

explosion. From considerations of the output signal

spectra, the characteristics of the derived sources, and

the synthesized output signals, the most reliable energies

of the derived sources were those computed using the 1.0

second duration output signals for frequencies less than



4 cps (see the underlined values in Table III). The

energies of the derived sources for the Haymaker, Bilby

and Handcar explosions were 70, 90, and 7 percent of the

observed source energies, respectively. The small per-

centage for the Handcar source was due to the small am-

plitudes of the Handcar signal at station MN-NV. This

phenomenon will be discussed later in conjunction with

the results using data from more distant recording sta-

tions,

The source energy derived fQr the Pile Driver explo-

sion did not vary greatly with the duration of the output

signals (for the reliable frequencies). This explosion

was detonated in the same location as the Hardhat explo-

sion (see Table I), Therefore, this consistency of the

energies of the derived sources may reflect a higher de-

gree of reliability for the calibration made using input

and output signals from the Hardhat explosion. However,

since subsurface data were not available for the Pile

Driver explosion, no estimate of the accuracy of these

results can be made.

Regional distance,, - Approximately four seconds of

the initial P waves recorded at station UBSO were shown

in Figure 6b. The observed signals from the explosions
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in the Nevada Test Site (Bilby, Handcar, and Pile Driver)

were characterized by first cycles of small amplitude and

second cycles of relatively large amplitude. In this re-

spect, the arrivals were not similar to the synthesized

signals, which were shown in Figure lOa. The observed

signal recorded at UBSO from the Shoal explosion was corn-

plicated by several large-amplitude secondary arrivals,

the first occurring at one second and another at two

seconds after the onset of the first arrival. The dif-

ferences in the character of the signal from the Shoal

explosion (central Nevada) and those from the explosions

in the Nevada Test Site were, presumably, due to the dif-

ferences in the propagation paths from the explosions to

the station (see Figure 3a). The signal from the Shoal

explosion and those from the Nevada Test Site were ana-

lyzed to determine the effects of differences in the

propagation paths on the calibration method used in this

research. For these explosions, the epicentral distances

were approximately the same (see Tble II and Figure 3a).

The observed signal from the Handcar explosion was

truncated at 1.3 and 2.2 seconds, and the amplitudes of

the Fourier spectra for the truncated signals are shown

in Figure l5a. The signal from Handcar was truncated
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at 4.0 seconds, but the spectrum was similar to that of

the 2.2 seconds signal and for that reason is not shown.

The peak amplitudes of the spectra were normalized for

comparison. The actual peak amplitude (Am) of each spec-

trum is given in the figure. Each spectrum peaked at

1,2 cps and decreased very rapidly to ten percent of the

peak amplitude at three cps and to one percent of the peak

amplitude at six cps. Although the passband of reliable

frequencies (0.2f 3 cps) was not changed by increasing

the duration of the signals, the amplitude and character

of the output spectra were altered due to the increased

frequency resolution and to the large amplitudes after

the third half-cycle of the output signal. These spectra

of the Flandcar signal are similar to the spectra calcula-

ted for all of the signals recorded from the explosions

in the Nevada Test Site,

The output signal from the Shoal explosion was

truncated at 1,1 and 2.2 seconds (see Figure 6c), and the

spectral amplitudes for the truncated signals are shown

in Figure l5b. The spectrum of the 2,2 seconds duration

signal was complicated due to the modulating effects of a

large amplitude secondary arrival at about 1.1 seconds

reduced time. The peak spectral amplitude for the signal
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truncated at 2.2 seconds was three times the amplitude of

the signal truncated at 1,1 seconds (see Figure 15b)

The Shoal spectra were broader than those for the Handcar

signals due to the differences in the propagation paths

from the two explosions

Even though the amplitudes of the output signals of

the Handcar explosion were anomalous, as ciscussed

earlier, the Handcar explosion was selected ':o calibrate

station tJBSO because it was the only source recorded at

UBSO from NTS for which the input signal was known. The

source spectra and source functions derived using output

signals truncated at L3 and 2.2 seconds for the Pile

Driver explosion are shown in Figure l6a (Handcar cali-

bration), The maximum amplitudes of the derived source

spectra were located at frequencies between three and

eight cps, and were outside of the passband of reliable

frequencies for the output spectra (0.2 f 3 cps).

Within the passband of reliable frequencies, the ampli-

tudes of the derived source spectra peaked at 1.8 cps.

The source functions derived for Pile Driver, using out-

put signals of 2,2 and 1,3 seconds duration and using

the reliable frequencies, are shown in Figure l6a. Only

the reliable frequencies were used to derive the source
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functions because the spikes at four and six cps in the

derived spectra were dominant, and, therefore, the source

functions derived using all frequencies were essentially

sine waves osciallating over the complete five second

fundamental period.

The source spectra derived for the Shoal explosion

using the output signal truncated at 1.3 and 2.2 seconds

are compared to the "observed" source spectrum in Figure

16b (Handcar calibration). The source spectrum derived

using the 2,2 seconds duration output signal was very Os-

cillatory even within the passband of reliable frequencies

and the spectral amplitudes were greater than those of the

"observed" source spectrum. The source spectrum derived

using the output signal of 1.3 seconds duration was less

oscillatory within the passband of reliable frequencies

but was dominated by large amplitude spikes for frequen-

cies greater than three cps.

The source functions derived for Shoal using only

the frequencies less than three cps in the derived source

spectra are compared to the observed Shoal source function

for the same frequencies in Figure 16b, As before, the

precursor in the observed source function was due to the

ideal low-pass filter that was used in this analysis.



The source function derived using the reliable frequen-

des of the output signal truncated at L3 seconds was

similar in shape to the observed source signal (f . 3 cps),

but the source signal derived using the output signal

truncated at 2.2 seconds was not. This was due to the

effects of the spikes in the spectra for frequencies less

than three cps which resulted from the large amplitude

secondary arrivals in the output signal from Shoal. Both

of the derived source functions were greater in amplitude

than the observed source function due to the small ampli-

tude of the Handcar signal recorded at station UBSO.

The source energies of the Bilby, Pile Driver, and

Shoal source signals, which were derived (Handcar cali-

bration) are shown in Table IV, The frequencies and

duration of the output signals are shown in the table

a 1 so.

The energies derived for the Bilb.y and Shoal

sources were quite dependent upon the duration of the

output signals. This was due to secondary arrivals of

large amplitudes after 1.3 seconds in the Bilby and

Shoal output signals. Possibly due to the anomalously

small signal that was propagated to large epicentral

distances, the arrival at 1,3 seconds was not evident in



TABLE IV: Comparison of seismic energies of "observed" and
derived sources (UBSO - Handcar calibration).

Explosion Frequencies "Observed" Source energy derived using output
used source signals of duration:
(cps) energy 4.0 sec. 2.2 sec. 1.3 sec.

18
(xlO ergsl

18 18 18
(xlO ergs) (xlO ergs) (xlO ergs)____________

Bilby

____________

£ 25 17000. 1500. 3100.

f 3 42. * 150. 170.

I

38.

Pile Driver f 25 13000. 5600. 10000.

f 3 ** 120. 160. 160.

Shoal f25 4.6 1900. 190.

f3 1.9 32.
(

3.4

* Estimated from close-in surface measurements (Sarmah, 1966).
** No information available.

Lii



the Handcar output signal (see Figure 6b). Consequently

it was not incorporated into the calibration. The modula-

ting effect of the secondary arrivals caused large ampli-

tude spikes in the source spectra derived using the out-

put signals truncated at 2.2 seconds. However, when

shorter duration output signals were used, the spikes in

the derived spectra were not present, due to the removal

of the secondary arrivals and due to the reduced frequency

resolution resulting from shortening the pulse. Since the

Handcar and Pile Driver output signals at UBSO were simi-

lar in character (see Figure 6b) , the source energy corn-

puted for the Pile Driver explosion was less dependent

upon the duration of the output signal when only frequen-

cies less than three cps were considered. It should be

added, that the character of the signal from central

Nevada (Shoal) was considerably different from those from

the Nevada Test Site (Bilby and Pile Driver) due to the

differences in the propagation paths.

The differences in the output signals after 1.3

seconds, resulting from secondary arrivals, caused the

energies derived using the 2.2 seconds duration signals

to be questionable. Therefore, the most reliable esti-

mates of the source energies were those derived using



frequencies less than three cps and using output signals

of 1.3 seconds duration (underlined in Table IV)

Teleseismic distance. -. The seismic signals recorded

at stations MBC and NP-NT were shown in Figure 6c and 6d,

and the synthesized output signals, applicable for Handcar

and Haymaker at NBC and Shoal at NP-NT, were shown in

Figure 10. The synthesized pulses were approximately

2.5 seconds duration for all of the sources.

Although the responses of the recording systems at

stations MBC and NP-NT differed (see Figure 5), the wave-

forms of the Bilby, Shoal, and Pile Driver signals re-

corded at the two stations were quite similar, and maximum

amplitudes were within 20 percent of each other. The

Shoal signals at NBC and NP-NT are compared in Figure 17a,

and the Fourier spectra of the signals are compared in

Figure l7b. (The arrow indicates the duration of the

signals used in the frequency analysis). Both spectra

peaked at one cps and decreased very rapidly (20 decibels

per octave) to ten percent of the peak amplitude by 2 cps.

At frequencies above three cps, where the amplitudes were

less than five percent of the peak amplitudes, the spectra

differed, both in character and amplitude, due to the dif-

ferent digitizing procedures used and also due to the
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predominance of noise in the spectra at these frequencies.

However, for the passband of reliable frequencies (O.2 f

2.0 cps) it was found that the output signal spectrum at

station MBC was similar to that at station NP-NT. In the

following analysis, only the results for station MBC are

presented

The spectral amplitudes obtained using L2, 2.5, and

5.0 seconds of the observed signals from the Haymaker and

Handcar explosions are shown in Figure 18. The folding

frequency of the data was 25 cps, but the amplitudes for

frequencies above 12 cps are not shown in Figure 18 be-

cause they were less than one percent of the peak ampli-

tudes of the spectra. The peak amplitudes of the spectra

were normalized for comparison of the shapes, but the ab-

solute values of the peaks (Am) are given in the figure.

As the duration of the output signals was increased, the

peaks of the spectra became more pronounced. This was due

to the increased frequency resolution and also due to the

effects of the secondary arrivals, occurring between 1.0

and 1.5 seconds, which were included in the longer dura-

tion signals. Since the passband of reliable frequencies

was so narrow (02 f 2.0 cps) , the modulating effect

of the secondary arrivals was mainly to increase the peak
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amplitudes of the spectra (see the values of Am in Figure

18) Therefore, while the passband of reliable frequen-

cies was not significantly changed by using signals of dif-

ferent time duration, the amplitudes of the spectra were

affected.

Since the synthesized signals for teleseismic dis-

tances were in some cases more similar to the observed

signals when a surface reflection was included in the

synthesis (see Figure lOb), a reflection from the free

surface at the source may be present in the observed out-

put signa1s, However, the effect of the surface relfec-

tion on the character of the synthesized output signals

was subtle due to the very narrow passband of dominant

frequencies. No conclusions as to the presence of the

surface reflections in the observed output signals could

be drawn from the character of the output spectra.

The Shoal explosion (central Nevada) was used to

calibrate station MBC for the explosions in the Nevada

Test Site. Although the epicentral distance from the

Shoal explosion to station MBC was approximately 300 ku-

ometers less than that from the other explosions (see

Table II), the difference in epicentral distance was small

compared to the total propagation path. The azimuth from
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the sources to the station were nearly the same (see

Figure 3).

The source spectrum derived for the Haymaker explo-

sion using output signals truncated at 2.5 and 5.0 seconds

are compared to the "observed" source spectrum for the

Haymaker explosion in Figure l9a. The source spectrum

derived using output signals truncated at 1.2 seconds did

not differ greatly from that derived using output signals

truncated at 2.5 seconds, and for that reason the former

is not shown in Figure l9a. The spectrum derived using

the 5.0 seconds duration output signals was very complex,

even within the passband of reliable frequencies. It was

dominated by large amplitude spikes centered about three

cps. The source spectrum derived using output signals

truncated at 2,5 seconds was similar in shape but less in

amplitude than that of the "observed" spectrum for the

reliable frequencies (f 2.0 cps) , The large amplitudes

in the derived spectra at frequencies 2.2 f 4 cps

were due to the presence of secondary maxima in the Hay-

maker output spectra which were not present in the cali-

bration (Shoal) output spectra (see Figures 17b and 18b).

The source functions derived for Haymaker (f 2 cps)

from the above spectra using the inverse Fourier transform



I
' HITNACIR

.f I
p

e.,oc,. 1 5.0 noon.
:

:pt 4

0,,soo. 1 2.5

III :

'I1
04.1

ii
'$ii % liii I' I)

?A;f
J\j

11 1; ! i'

u
\J: : \

J
; J

4

/

S:..j
:

H SO 10 00'
FREQUENCY (op.)

000NHISTO
00500VtI, F % 2.0 *0.

F 0 2.0 CF.
.... TI =5.0 Hoot..

0
= 2.5 stoat..

REDUCED TIME (s.d

Figure 19a. Comparison of the "observed" and derived
source spectra and source signals for
the Hay'maker explosion. Station MBC
Shoal calibration.
T' = time duration of the output

signals used.



95

It

'I

IO

III I

I I)

I I

,... V. S.Q.r
11I II.. .b aicoos

t1 I I

In

I',

'a

I

I.-

0
at
3

I

-a 4

1

'

FMEQUENCT (cpa)

I .

One...., r SOc..
OcaIve,, .52...

1 2.5 ItcOcol
f'S 1.2

REDUCED TIME ts.c)

1'
/ \

I

/ '

I

Figure l9b. Comparison of the "observed" and derived
source spectra and source signals for
the Handcar explosion. Station MBC
Shoal calibration.
V = time duration of the output

signals used.



are compared in Figure 19a to the observed source func-

tion. The source function obtained using the 2.5 seconds

duration output signals was similar in shape to the

"observed" source function, but the amplitudes were only

approximately 25 percent of the observed amplitudes. The

source function for the Haymaker explosion, which was de-

rived using the 5.0 seconds duration output signals, was

more complicated that the observed source signal and

appeared as a multiple source signal due to the spikes in

the derived spectrum within the passband of frequencies

used (f2 cps).

The source spectra for the Handcar explosion, which

were derived using output signals truncated at 1.2 and

2.5 seconds, are shown in Figure l9b. The modulating

effects of the secondary arrival at 1.3 seconds reduced

time in the Handcar output can be seen in the figure also.

Within the passband of reliable freguencis (f 2 eps),

the spectrum derived using the longer duration output

signals (2.5 seconds) contained spikes which were not

present in the spectrum derived using the shorter dura-

tion signal; the spikes were not present in the
"observed'1

source spectrum either. Outside the passband of reliable

frequencies, the two derived spectra differed in amplitude
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from the "observe& spectrum by an order of magnitude.

The source spectrum derived using the output signals trun-

cated at five seconds was similar to that derived using

the output signals of 2,5 seconds time duration.

The source functions derived for the Handcar explo-

sion (f 2 cps) using the inverse Fourier transform are

compared to the observed source signal in Figure 19b. The

waveform of the source function derived using th output

signal of 2.5 seconds time duration was complex and was

not similar to the observed source signal. This is due to

the effects of the secondary arrival at 1.3 seconds re-

duced time. The waveform of the source function derived

using the output signals of 1.2 seconds duration was some-

what similar to the observed source function, but the de-

rived amplitudes were only approximately 30 percent of the

observed source amplitudes.

The seismic energies of the derived source functions

for the Haymaker, Bilby, Handcar, and Pile Driver explo-

sions were calculated from the derived source spectra and

are compared to the energies of the observed source sig-

nals in Table V.

The seismic energies computed using all frequencies

(f 25 cps) were very dependent upon the time duration



TABLE V: Comparison of seismic energies of "observedt'
and derived sources (NBC - Shoal calibration).

Explosion Frequencies "Observed" Source energy derived using signals
used source of duration:
(cps) energy 5.0 sec. 2.5 sec. 1.2 sec.

(xlO ergs) (xlO ergs) (xlO ergs) (xlO ergs)

Haymaker f25 0.89 73. 17. 8.2

f2 0.75 1.4 0.43 0.43

Bilby f25 28000. 770.

f2 42. * 32.

Handcar f25 8.0 56. 39. 0.84

f2 0.51 0.72 0.21 0.08

Pile Driver f25 ** 11000.
]

4200. 210.

f2 66. 20. 12.

* Estimated from close-in surface measurements.
** No information available.



of the output signals,. This resulted from the predomi-

nance of noise at the high frequencies in the output spec-

tra. When only frequencies less than two cps were used

the source energy varied by a factor or three, approximat-

ely, for signals of different time durations. For the

Handcar explosion, the variation was an order of magni-

tude. This large variation resulted from the secondary

arrival at L2 seconds in the Handcar output signaL

Therefore, although the duration of the synthesized sig-

nals for station MBC indicated that the primary waves

were at least 2.0 seconds duration (see Figure 10), the

character of the output signals of greater duration than

1.2 seconds were contaminated by secondary arrivals. The

calibration did not adequately include the effects of the

later arrivals. Therefore, the most reliable derived

source energies were those obtained using frequencies

less than two cps and output signals of 1.2 seconds

duration. These values are underlined in Table V, and

are 60, 90, and 16 percent of the "observed" source

energies for the Haymaker, Bilby, and Handcar explosions,

respectively.
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SUMMARY AND CONCLUSIONS

The lumped earthreceiver system for a given source

and recording station includes the effect: of: (1) the

source environment, (2) the propagation path, and (3) the

receiver system at the station0 The operator for this

system was called the lumped calibration operator. A

method was presented to determine the lumped calibration

operator from a source signal observed near the elastic-

inelastic boundary of an underground explosion and from an

output signal observed at a distant recording station0 In

principle, the lumped calibration operator could be used

to determine information about other sources from their

output signals at the calibrated stations, This method

of calibration was applied to the primary waves from six

underground nuclear explosions recorded at stations loca-

ted at near-regional, regional, and teleseismic distances.

The important implications and conclusions resulting from

this research are discussed in this chapter in three sec-

tions, In the first section, the constraints that limit

the capabilities of the method of calibration are summa-

rized0 In the second section, the method of calibration

is evaluated, and in the final section the conclusions of
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of this research are presented.

of constraints

The constraints that limit the capabilities of the

calibration method are: (a) the source-propagation path-

receiver system (earth-receiver) acts as a bzrnd--pass fil-

ter which limits the amount of source-related information

contained in the output signals; (b) the contamination of

the pure primary waves by secondary arrivals limits the

time duration of the usable portions of the output sig-

nals; and (c) the lumped calibration operators may vary

significantly for the different explosions due to dif-

ferences in the locations of the sources.

Constraint (a) : The most obvious constraint on the

method of calibration was that the earth-receiver system

acted as a narrow band--pass filter. The information con-

tamed in the output signals that could be reliably re-

lated to the sources was confined to the frequency pass-

bands 0.2 f 4.0 cps, 0,2 f 30 cps, and 0.2

f 2.O cps at the near-regional, regional, and teleseis-

mic stations, respectively. The low-frequency cutoff of

these passbands was due mainly to the insensitivity of the

short-period recording instruments to the low frequencies.
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The high-frequency cutoff was due to the attenuation of

the earth. For frequencies outside of these passbands

the spectral amplitudes were attenuated to such low levels

that noise caused by the digital techniques (mainly limita-

tions on the accuracy of the digitizing) was dominant.

Constraint (b) The seismograms obtained at the

distant stations consisted of many arrivals which propa-

gated to the stations by different paths. The first ar-

rivals (primary waves) were used as the output signals be-

cause there was the least uncertainty about the onset of

these arrivals, However, some ambiguity in the definition

of the output signals was encountered because other pulses

interfered with the initial arrival. The observed source

signals were used to synthesize pulses at the distant

stations to aid in determining the time duration of the

primary waves. Portions of the observed first arrivals

which were shorter than, equal to, and longer than the

durations of the synthesized pulses were used in the

analysis to test the effects of pulse duration on the

derived source signals. The derived source characteris-

tics varied for different time durations of the first

arrivals due to the effects of interfering arrivals and

noise.
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Constraint (c): Differences in the locations of ex-

plosions can cause variations in the lumped calibration

operator for a recording station. When the explosions are

near one another, compared to the epicentral distance, the

major portions of the propagation paths are the same. In

this case, variations in the calibration operator are most

likely due to differences in the source environments

(i.e. local geology, media, and/or depths). However, when

the differences in the locations of the explosions are

large, compared to the total propagation path, then major

portions of the wave paths differ. In this case, varia-

tions in the calibration operator are due to the combined

effects of differences in source environments and the

propagation paths. Hence, differences in the locations

of the sources constitute another constraint of the method

of calibration.

Evaluation of the method of calibration

Information about the source functions (spectra,

waveforms, and energy content) could be derived only

within the passbands of reliable frequencies defined by

the spectra of the output signals. Outside of these pass-

bands, noise (which, by definition, was not source-
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related) dominated the information contained in the out-

put signals. Due to this limitation (on the high fre-

quencies, mainly), all of the derived source functions

were similar in character, as were the observed source

functions when filtered to these passbands. Therefore,

the method of calibration cannot be used to derive im-

pulsive source functions when the frequency content of

the output signals is so limited. The spectra and the

energies of the derived source functions were also con-

fined to the above passbands.

The passbands of reliable frequencies may be broad-

ened if output signals from stations located closer to

the sources are used. However, the effects of interfer-

ing secondary arrivals may severely limit the usable time

duration of the output signals at these stations. If the

lumped calibration operators for the calibration and un-

known sources are the same, then secondary arrivals will

not affect the results of the method of calibration (see

equation 42 in Appendix II). Secondary arrivals modulate

the spectra of the primary waves, and the characteristics

of the modulation are governed by their amplitudes, wave-

forms, and delay times (see equations 40 and 41, and

Figure 20 in Appendix II). As the time duration of output
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signals is increased, secondary arrivals are included

which may not be adequately incorporated into the lumped

calibration operator. This effect may result from any

secondary arrival, regardless of its derivation (surface

reflection or pulse from a different propagation path).

This effect was most evident in the case of the output

signals at the regional station (UBSO). The output signal

for the Shoal explosion was significantly different in

character from the signals from explosions in the Nevada

Test Site (see Figures 6b and 15). These differences

were due mainly to the significant differences in the

propagation paths to the station (see Figure 3).

There was uncertainty as to whether or not surface

reflections contaminated the primary waves. If they were

present in the output signals, the delay times would be

small for the data used in this research, and the modula-

tion of the output spectra would have been broad (see

Figure 20 in Appendix II). Since the passbands of re-

liable frequencies were narrow at the regional and tele-

seismic stations, the effects of the reflections on the

primary waveforms would have been subtle, and their

effects on the method of calibration would not have been

great (see Figures 21 and 22 in Appendix II) . At the
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near-regional station, where the passbands of reliable

frequencies were broader, the effects of other secondary

arrivals and noise precluded the determination of their

presence. However, it was noted that the pulses synthe-

sized at the near-regional distance (station MN-NV) were

most similar to the observed signals when no reflections

were included in the synthesis (see Figure 10). More re-

search is needed to determine if these reflections are

present in the output signals, because if they are, their

effects can be very important at small epicentral dis-

tances.

The most reliable source information was derived

when only three half-cycles of the output signals were

used in the method of calibration at all of the stations.

The seismic energies derived using this duration of out-

put signals and using frequencies within the passbands of

reliable frequencies are compared to the seismic energies

of the observed source functions in Table VI.

The deviations of the derived source energies from

the "observed" source energies were due mainly to differ-

ences in the near-source propagation losses caused by

variations in the local geology and in the media surround-

ing the different explosions. The Handcar explosion was



TABLE VI: Comparison of the "observed" and the most
reliable derived source energies.

Explosions Medium 18 18 18
Energy xlO ergs Energy xlO ergs Energy xlQ ergs
0.2 f 4 cps O,2 f 3 cps O,2 f 2 cps
'Observed"Derived "Observed"I Derived "Observed" Derived

MN-NV JUBSO MBC

Hardhat granite Calibration event not recorded not recorded

Shoal granite Data not used 1,9 3.4 Calibration event

Pile Driver granite ** 42, ** 160. **
I 12.

Handcar dolomite 3,2 0,22 Calibration event 0.51 0,08

Bilby tuff 42, * 37. 42, * 38. 42. * 37,

Haymaker alluvium 0.82 0,58 not recorded Qj _ 0.43
* Estimated from close-in surface measurements. (Sarrh, 1966),
** No information available

0



the only source used in this research for which the ef-

fects of the nearsource losses on the derived source

energies were extreme (see Table VI) There have been

several explanations suggested for the anomalously low

amplitudes of the output signals from the Handcar explo-

sion (Springer, 1966) . Regardless of the cause of the

large energy loss associated with the signals from this

explosion, it is obvious that anomalous signals will

severely limit the effectiveness of any calibration

method.

When the environments of the sources are known, then

the results of the method of calibration can be improved

by using calibration sources for which the source environ-

ments (local geology, media, and depths) are as similar

as possible to those of t.he unknown sources. However,

the source environments of explosions cannot, at this

time, be determined from output signals (primary waves).

Therefore, any attempt to apply the method of calibration

to output signals from unknown sources (with no informa-

tion about the source environments) would have to be done

on the basis of an average source-propagation path -

receiver system. The average calibration operator would

have to be determined using data from many different
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explosions located in varying source environments. It was

not possible to do this for this research.

The relation between the derived source energies

given in Table VI and the total seismic energy (energy

contained in all frequencies) at the sources is complex,

as implied by the variations in the spectral distribution

of the seismic energy of the observed source functions

(see Figure 8d) These variations were due to the coup-

ling characteristics which are dependent upon the medium

and/or depth of the explosions. The charge size of ex-

plosions may also affect the spectral distribution of the

seismic energy at the sources, but no observed data were

available to determine the importance of this effect.

However, Berg and Papageorge (1964) showed that, for a

theoretical source in an infinite homogeneous medium, the

relative amount of energy concentrated in the low fre-

quencies increased with increasing charge size. If this

is the case for underground explosions, then as the size

of the explosions in a given medium increased, the rela-

tive amount of seismic energy concentrated in the high

frequencies would decrease. Subsurface data near explo-

sions of differing sizes in the same medium (and same

depth) are needed to determine the effects of the charge
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size on the spectral distribution of the seismic energy

generated by explosions. This information would be

necessary to relate the source energy derived in limited

frequency bands to the seismic energy in all frequencies

at the sources (see Figure 8d).

The conclusions about the capabilities of the method

of calibration pertain only to the initial P waves genera-

ted by explosions in Nevada and recorded by stations loca-

ted in the northern direction from Nevada. It seems reas-

onable to expect that these conclusions would not be

greately different if the explosions and/or recording

stations were located in other areas, but more research

is needed in order to determine the extent to which the

capabilities of the method of calibration may vary.

Conclu sions

1. A seismograph station can be calibrated by an explo-

sion at a given site. The output signals recorded at

that station can be used to derive information about

other sources at the same site. For the data used in

this research, the most significant source information

derived from output signals was the source energy that

was related to the distant signals. The criteria for
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selecting a calibration source are: (1) the source

function must be known; (2) the source function

should be impulsive in order to calibrate the sta-

tions for as many frequencies as possible; and (3)

the signal levels at the stations should be large in

order to minimize the effects of noise.

2. The source-propagation path-receiver system acts as a

band-pass filter which limits the amount of source-

related information contained in the output signals.

The passbands were limited on the low-frequency end

by the insensitivity of the short-period recording

instruments to the low frequencies and on the high-

frequency end by the attenuation of the earth. The

passbands of reliable frequencies were: 0.2

4.0 cps, 0.2 f 30 cps, 0.2 f 2.0 cps at the

near-regional, regional, and teleseismic stations,

respectively.

3. Information about the source functions (i.e. wave-

forms, spectra, and energy content) could be derived

only within the above passbands of reliable fre-

quencies. All of the derived source functions were

similar in waveform due to the limitations on the
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high frequencies that could be utilized. The observed

source functions were also similar when filtered to

the above passbands, It is implied, therefore, that

pulses synthesized for regional and teleseismic dis-

tances will be very similar in character regardless

of the source functions.

4. The results of the method of calibration differed as

the time duration of the output signals was varied

due to the effects of interfering secondary arrivals

which were not adequately included in the calibra-

tions. The most reliable results were obtained when

only three half-cycles of the output signals were

used in the analysis. Reflections, from the free sur-

face at the sources, could not be identified in the

output signals due to the narrow passbands of reliable

frequencies, and due to the effects of other second-

ary arrivals. If such reflections are present in out-

put signals, their effects can be very significant at

near-regional stations, but their effects are not

great at teleseismic stations.

5. Differences in the near-source propagation losses

caused the most reliable values of the derived source
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energies to deviate from the Thbserved" source

energies. For the stations calibrated using explo-

sions in granite, the average values of the most re-

liable source energies derived for the explosions in

tuff, alluvium, and dolomite were 88, 65, and 12 per-

cent of the "ohserved' source energies, respectively.

More research is necessary to determine the specific

causes of these large variations in derived source

energies.

6. The environment of a calibration source should be as

similar as possible to the source environments of the

events for which information is to be derived. When

the method of calibration is applied to events for

which no such infQrmation is available, then the call-

bration operator should be representative of the best

average source-propagation path-receiver system.

7. The spectral distribution of the seismic energy gen-

erated by the explosions was a function of the media

in which the sources were located. Near the elastic-

inelastic boundaries, only ten percent of the seismic

energy generated by the explosion in alluvium was

concentrated in the frequencies greater than two cps,
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whereas ninety percent of the seismic energy generated

by the explosions in granite and dolomite were concen-

trated in these frequencies.

8. The effects of secondary arrivals in the observed

source waveforms were negligible for the purpose of

this research.

9. The recordings of particle velocity obtained at the

subsurface stations include a component which is not

propagated to large epicentral distances (Berg and

Papageorge, 1964). In this research, it was found

that the waveforms of the radiation field source

functions, which resulted from the removal of the

above component, were not significantly different from

the recorded particle velocity waveforms. However,

the amplitudes of the low frequencies (f one cps)

contained in the radiation field source functions

were significantly less than those contained in the

"total" pulse (recorded waveform).

10. The first cycle of the pulses synthesized for the

near-regional station were similar to the observed

recordings when no surface reflections were included.
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Secondary arrivals precluded the comparison of the

synthesized and observed signals after the first cycle

For the regional station, the synthesized and observed

signals were not sufficiently similar to determine

whether or not surface reflections improved the corn-

parison. For the teleseismic stations, the comparison

between the synthesized and observed signals was some-

what improved when a surface reflection was included.

No definite conclusions could be made about the occur-

rence of surface reflections.
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APPENDIX I

The Fourier Integral transform and inverse transform

for continuous functions are given in equations (30) and

(31) , respectively.

00
-iwtiG(w)

1F(t) e dt (30)g(w) = g(w)J e =

e dw, (31)F(t) I g(w)

oo

where: t = time;

w = angular frequency (radians per second);

i (-1)
2

(g(w) = modulus of the spectrum;

@(w) = phase of the spectrum; and

F(t) = function of time.

For numerical data, such as is obtained by digitizing

seismograms, the transform pair reduce to finite summa-

tions (Huang, 1966). The modulus and phase of the numeri-

cal Fourier transform used in this research are given in

equations (32) and (33)
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(g(f) = (Xk2 + (32)

= tan1(
Xk

(33)

N
27(j k

where: Xk =At F (t.) cos(
N

= real part of the
j=1

transform for the K frequency;
N

= At F (t ) S
2ltlk

in
N

= imaginary part of

the transform for the Kth frequency;

At = digitizing interval;

F(t.) = the value of the digitized time function;

and

N = number of samples taken from F(t).

The numerical inverse Fourier transform used in this re-

search is given in equation (34).

N/2
21t1 k

F(tk) =Afg(f0) + 2f [(f.) cos(
N +

J
j =1

(34)

where: f = frequency increment;

f. = jth frequency (cps); and

F(tk) = value of the time function at time kAt

seconds.
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The numerical Fourier transform and inverse trans-

form are periodic, because the data were sampled at a

finite number of points (Huang, 1966) . The frequency at

which the Fourier spectrum is duplicated is equal to twice

the folding frequency, f, where:

(35)

The function of time that results from the application of

the finite inverse transform (see equation 34) to a finite

Fourier spectrum is also periodic with period equal to the

fundamental time period T = . The results of using the

transform and inverse transform would be aperiodic only if

the sampling intervals (t and f) were zero (i.e. for

continuous functions)
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APPENDIX II

The primary waves recorded at distant stations may be

contaminated by secondary arrivals such as arrivals from

other propagation paths and reflections from the free sur-

face at the sources. The effects of secondary arrivals on

the applicability of the method of calibration are con-

sidered in this appendix.

An observed output signal is the sum of the primary

wave and secondary arrivals as shown in equation (36).

Observed output Primary Secondary
signal wave arrivals

N
S (7) = f (7) E g.(y-A.), (36)
out out

j=1

where: = reduced time in seconds;

s (7) = observed output signal,
out

out
= primary wave;

= jth secondary arrival;

A.
= delay time of the jth secondary arrival;

N = number of secondary arrivals included in

In the frequency domain, equation (36) is written as
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st(w) = Ft(w) + G(w) e_iwAj, (37)

where: S (w) = Fourier transform of s (7');out out

F (w) = Fourier transform of f (7'); andout out

G. (w) e1' j = Fourier transform of the jth sec-

ondary arrival.

If each secondary arrival is a modification of the prim-

ary wave, then

-iw,.
F (wP (38)G1(w)e'j = [Aj(w)e J]

{ out

-iwAwhere A (w)e' j is the operator which when multiplied
j

by the spectrum of the primary, yields the spectrum of the

jth secondary arrival. Each operator has an amplitude and

a phase distortion component as shown in equation (39).

A.(w) = A,(w) (39)

where: A.(w) = the amplitude distortion component of the

operator for the jth secondary arrival ;

and

OC(w) = the phase distortion component of the

operator for the jth secondary arrival.

If the calibration and unknown output signals observed at
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a recording station are contaminated by N and N second-

ary arrivals, respectively, then the spectra of the ob-

served (contaminated) output signals are related to the

spectra of the uncontaminated output signals as shown in

equations (40) and (41).

N

SC (w) C (w) 1 + 1A(w)1 e+i - wc
j

out out
[

j=l
(40)

N
U

SU (w) U (w) 1 + lB (w)I e
J(w) wALl1)

out out
[ j=l'

(41)

where: SC (w) = spectrum of the contaminated calibra-
out

tion output signal;

C (w) = spectrum of the uncontaminated calibra-
out

tion output signal (primary wave);

SU(w) = spectrum of the contaminated unknown

output signal;

U (w) = spectrum of the uncontaminated unknown
out

output signal (primary wave);

N = number of secondary arrivals included

in the calibration output signal;

IA (w) = amplitude distortion of the operator

for the jth secondary arrival in the

calibration output signal;
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CC.(w) phase distortion of the operator for the

jth secondary arrival in the calibration

output signal;

delay time of the jth secon(ary arrival

in the calibration output signal;

Nu number of secondary arrivals included in

the unknown output signal;

B. (w) amplitude distortion of the operator for

the jth secondary arrival in the unknown

output signal;

phase distortion of the operator for the

jth secondary arrival in the unknown out-

put signal; and

Au - the delay time of the jth secondary

arrival in the unknown output signal.

The input spectrum, SU(w) , that would be derived by the

method of calibration using these contaminated output

signals is related to the input spectrum that would be

derived using only the pure primary waves, U.(w) , as

shown in equation (42).
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rl + (w)

SU. (w) = U. (w)I
Nin

± A (w)
E1i
j=l
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w,Au.)1

j
(42)

- w)c.)

where: SU,(w) = the unknown input spectrum that would

be derived if secondary arrivals were

included in the output signals;

r U (wfl

U(w) = IC(w)
out

-1=
the unknown input spec-

L
C (w)j
out

trum that would be de-

rived if no secondary

arrivals were included

in the output signals;

and

C,(w) = the spectrum of the calibration input

signal

When the spectra of the calibration and unknown output

signals are modulated identically, then equation (42)

reduces to equations (15) and (16) and the secondary

arrivals would not affect the results of the method of

calibration. However, it is clear, from equation (42),

that differences in the amplitudes, waveforms, and/or

delay times of secondary arrivals in the calibration and

unknown output signals can affect the spectrum of the
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input signal derived by the method of calibration. The

amplitude and phase distortion components of the second-

ary arrival operators are, in general, unknown due to the

complexity of the observed output signals. However, the

possible effects of secondary arrivals on the applica-

bility of the method of calibration can be illustrated by

considering the reflections from the free surface at the

sources.

Underground explosions are located in the proximity

of a free surface, and it is possible that reflections

from this free surface contaminate the primary waves. If

the reflection coefficients at the free surface are inde-

pendent of frequency, then for given angles of incidence,

the amplitude distortion terms, IA(w)I and IB()1 , are

constants Rc and R, respectively. The phase distortion

terms, e((w) and1S(w) , are equal to the constant 77'

(radians) , since for the angles of incidence considered

in this research a signal reflected from the free sur-

face is 180 degrees out-of-phase with the incident sig-

nal. The moduli of the surface reflection modulators

(see equations 26, 40, and 41) are shown in Figure 20a

(also see Figure 9a) . The amplitude of the modulator

increases as the reflection coefficient increases, while
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Figure 20. (a) Comparison of the rnoduli of the sur-
face reflection modulators for delay times,X 0,30
and 0.50 seconds with reflection coefficients, IRI
0.99 and 0.50. (b) Comparison of the spectral amp-
liti.ldes of the observed source signal from the Shoal
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the repetition rate of the maxima and minima on the fre-

quency axis decreases as the delay time decreases.

If no other secondary arrivals contaminate the out-

put signals, then equation (42) reduces to:

F-

-iwAu,
1 Re

SU. (w) = U. (w) I

U

-iwc
. (43)

in in Ll-R e Aj
c

The modulus of the input spectrum, SU. (w) that would be
3-n

derived using the contaminated output signals is compared

in Figure 20b to the modulus of the "observed" Shoal in-

put spectrum, U.(w) , for various values of the delay

times ( ),,c and Au) and reflection coefficients (Rc and

R) . It is clear that differences in the delay times of

the reflections in the output signals can cause large

variations in the amplitudes of the derived input spectrum.

These variations increase as the reflection coefficients

approach one (see Figure 20b). As the reflection coeffi-

cient, Rd approaches one, the spectral amplitudes ap-

proach singularity (see equation 43) for the frequencies:

f = , where: n = 0,1,2 ........... , (44)
Ac

which is the reason that the reflection coefficients used

in Figure 20b were less than one.
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The energies and source functions obtained from the

spectra in Figure 20b, using various frequency bandwidths,

are shown in Figures 21 and 22. The source functions,

u.(7) are the observed source signals for the Shoal ex-

plosion filtered with ideal 1owpass filters for the in-

dicated frequencies. The fundamental period used in the

inverse transform was T = 5.0 seconds. The effect of the

ideal low-pass filter, which is noncausal, is evident in

the filtered observed signals. The source functions,

su.(T), are the source signals that would be derived if

surface reflections were included in the output signals

with the indicated delay times and reflection coefficients.

The effect of the surface reflections on the derived

source signals and source energy is pronounced when fre-

quencies to 25 cps are used. The effect is most pro-

nounced when the reflection coefficients are near one.

However, in this research the high frequencies that could

be utilized were limited by the attenuation of the earth.

The broadest passband of frequencies that could be util-

ized was 0.2 f 4 cps (near-regional station MN-NV)

and the narrowest passband was 0.2 f 2 cps (tele-

seismic station - MBC). When the su.(r) are compared
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Figure 21. Comparison of the observed source signal (and energy) from the Shoal
explosion to the source signal (and energy) that would be derived if
surface reflections were included in the output signals (A c = 0.30
seconds and A u = 0.32 seconds).
u = particle velocity amplitude (cm/sec)
T = reduced time in seconds.
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Figure 22. Comparison of the observed source signal (and energy) from the Shoal
explosion to the source signal (and energy) that would be derived if
surface reflections were included in the output signals (X c = 0.30
seconds and Au = 0.50 seconds).
u = particle velocity amplitude (cm/see)
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to the u.(7) for these passbands, the effect of the dif-

ferences in the surface reflections is not as pronounced

(see Figures 21 and 22). However, it is clear that at

near-regional stations, differences in the characteris-

tics of surface reflections in the output signals can

significantly affect the use of the method of calibration.

Their effect is more pronounced as the reflection coef-

ficients approach one. At teleseismic stations, the

effects of the surface reflections do not greatly affect

the use of the method of calibration, due to the narrow

passband of frequencies contained in the output signals

at that distance.

The effect of the surface reflections on the derived

source functions can also be considered in the time do-

main. If the denominator in equation (43) is expanded

in a complex binomial series, (for (Rl<1), then

SU. (w) = [u (w)] [1
-i)1 _iwKA.c]- R e (R

)K
in in u cK0 (45)

The inverse transform of each of the quantities in brack-

ets in equation (45) are shown in equations (46)
, (47), and

(48)
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T1U. (w)} = u. (7), (46)

T1 l - Re1WAJ = (T) - R(- Au), (47)

rO

A}
T1- (R)Ke_( = (R)1<t,(T- K)c), (48)

CK=O K=O

where: is the impulse function.

Since multiplication in the frequency domain implies con-

volution in the time domain, and since

Aâ(T- T1) * Bâ(7'- T2) = A B(T- T1 - T2),

(Papoulis, 1962), then

00 Jr
su. (T) = I(R )'u (T- KAc)]

K=O1I.
c in

f K
u c in KAc)]

}

(49)R(R)u ((-

Therefore, the source signal derived using output signals

contaminated by surface reflections is an infinite series

of positive and negative source signals. The delay times

are dependent upon the delay times of the reflections in

the output signals. The amplitudes of the source func-

tions are dependent upon powers of the reflection coef-

ficient of the surface reflection in the calibration
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output signal. If this reflection coefficient is near

one, tnen the amplitudes decrease slowly (i.e. the inf 1-

nite series in equation 45 converges slowly). However,

if the reflection coefficient is small, the amplitudes

decrease rapidly (i.e. the infinite series in equation

45 converges rapidly). This effect is clearly evident

in the source signals in Figures 21 and 22 for 0.2

25 cps. However, when the high frequencies of the

source function u,(7) are removed, it is less impulsive

and the positive and negative functions in equation (49)

tend to cancel one another. The effect is, therefore,

not pronounced when the high frequencies are not present

in the source signals. This is also evident in Figures

21 and 22.




