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The monograph examines the kinematic and dynamic characteristics 

of body and surface seismic waves produced by nuclear explosions in 

various media. The similarity of the kinematic characteristics of 

explosion waves and earthquakes is noted, as well as the differences 

of their dynamic characteristics. The monograph elucidates the dis¬ 

tinctive features of waves which can be applied as criteria for 

identifying the seismic records of explosions and earthquakes. 

The level and spectral composition of microseisms in various 

seismogeological areas are studied, and light is also shed on the 

question of selecting the optimum parameters for seismic equipment. 

The monograph demonstrates the possibilities of using data 

obtained during explosions for studying the internal structure of 
0 

the Earth. 

The book is intended for seismologists and geophysicists. 

46 tables. 76 illustrations. 360 entries in the bibliography. 
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INTRODUCTION 

The seismic method of detecting and identifying nuclear explosions 

has won universal recognition as one of the basic methods of detecting 

all types of nuclear explosions, except those carried out in outer 

space and in the air at great altitudes (higher than several tens of 

kilometers ). 

The seismic method is applicable for the detection of nuclear 

explosions both at small and at great epicentral distances amounting 

to as much as 16,000 - 17,000 km. This method is particularly effec¬ 

tive in the detection and identification of underground and under¬ 

water nuclear explosions. As of now, it is the only known method for 

detecting and identifying underground explosions which are fully 

camouflaged. 

In this book, the term "detection" is understood to mean 

establishing by seismic data the fact and the time of occurrence 

of a seismic phenomenon, the coordinates of its epicenter, and the 

determination of its energy (or magnitude). 

The term "identification" is understood to mean establishing, on 

the basis of the total characteristics of the seismic waves registered, 
0 

the type of phenomenon: earthquake, or an underground, underwater, 

contact, or atmospheric nuclear explosion. 

Until the banning of testing in three media (in the water, in 

the air, and in outer space) in 1963, the seismic method was applied 

widely with great success in many countries (the USSR, the United 

States, Japan, Prance, England, Sweden, and others) for the purposes 

of detecting and identifying underwater, contact, and atmospheric explo¬ 

sions. In these cases, it supplemented a complex of other geophysical 

and geochemical methods, including the recording of infrasonic and 
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hydroacoustic waves, the recording of electromagnetic radiation of 

radio signals, the gathering of radioactive products in the air and 

in the water, and some others. 

Seismic data from a properly adjusted and automated monitoring 

system for nuclear explosions, in principle, enable one to establish 

20 - 30 minutes later the fact that an explosion has been carried 

out far away, to determine the coordinates of its epicenter, and to 

; estimate approximately its TNT equivalent. 

At the present time the seismic method is being applied very 

effectively in a number of countries for the detection and identifi¬ 

cation of numerous underground nuclear explosions which are carried 

out in various parts of the globe. Data pertaining to records of 

seismic waves caused by explosions are published in the bulletins of 

the seismic services of the United States, Sweden, and other countries, 

and also in a world-wide seismological bulletin [I67]. 

The importance and the timeliness of further developing the 

seismic method, particularly criteria for the identification of under¬ 

ground nuclear explosions, are universally recognized. The difficulties 

encountered by this method in a number of cases in identifying under¬ 

ground explosions by national agencies are utilized by the western 

countries as a pretext against the conclusion of an agreement to ban 

underground nuclear explosions, which has been advocated by the 

Soviet Union since 1958. As is known, the western countries insist 

on carrying out international inspections at the locations of uniden¬ 

tified seismic phenomena [34l, 343], which is not necessary at the 

present level of detection methods. In this connection, one must 

refer to the report of the conference (Sweden, 1968) of a seismic 

scientific group [326] of leading seismologists of ten countries, 

including those from four nuclear countries — the United States, the 

USSR, England, and France who unanimously recognized the possibility 

of identifying underground explosions by criteria of magnitude (M, m). 

FTD-HC-23-721-71 3 



In connection with talks on banning nuclear explosions in 1958, 

and with the banning of testing in three media in 1963, the seismic* 

method developed greatly, both here in our country, and also abroad, 

particularly in the United States, England, Prance, Sweden, and in 

other countries. 

As for the further elaboration of the seismic method of detection . 

and identification of nuclear explosions, scientists of the Soviet 

Union have put forward and developed a number of ideas, which contri¬ 

buted in large measure to reaching agreements concerning the banning 

of nuclear testing in three media. For instance, it was substantiated 

that national agencies can, without international inspections, monitor 

explosions. These ideas were discussed widely at the Geneva talks on 

banning tests of nuclear weapons during the period 1958 - I96I. They 

gave the impetus to carrying out far-reaching experimental and theo¬ 

retical research on the dynamic and kinematic characteristics of 

seismic waves caused by explosions and earthquakes, to the development 

of equipment, including that for digital magnetic recording of seismic 

oscillations, to the perfection of methods and techniques of observ¬ 

ation, and to the elaboration of interpretation methods by means of 

electronic computers [1-3, 52-57, 60-77, 8I-86, 89-90, 92-106, 109-in, 

128-130]. Theoretical and computer seismology developed further. 

Recording data of seismic waves from explosions were utilized widely 

for increasing the precision of the hodographs of the basic seismic 

waves, for obtaining new information about the*structure of the crust, 

the mantle, and the core of the Earth, and also in a number of other * 

fields of seismology [63, 65, 66, 170, 207, 220, 221, 248, 249], 

The works of Soviet scholars in the above-mentioned directions 

are widely known, not only here in our country, but also abroad. 

These works were reported systematically at international symposiums 

and were widely publicized in the USSR and abroad. v 

In the United States, considerable means were allocated by the 

government for developing the method carried out in accordance with 
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programs coordinated at the governmental level, such as the "Vela 

Uniform", "Vela hotel", and "Cowboy" [24? and others (programs 

for developing methods of detecting and Identifying nuclear explosions 

and of carrying them out secretly) as well as the Plowshare_[137, 153» 

265, 307, 308] (a program for using nuclear explosions for peaceful 

purposes, etc.). Participating in the above-mentioned programs were 

the most prominent physicists, seismologists, geophysicists and 

engineers of many scientific institutions and companies of the United 

States and a number of western countries, as well as various agencies 

of the ministry of defense, the Atomic Energy Commission, and other 

departments of the United States government. Research on various 

programs is coordinated by a single government center, the ARPA 

[142, 143, 151-156, 210, 235, 266, 268, 271-278, 281, 293, 299, 

302-316, 320-324, 351, 356, etc.]. 

Work is being carried out widely to elaborate the latest types 

of seismic equipment, methods of increasing its effective sensitivity, 

criteria for distinguishing the seismic recordings of underground nuclear 

explosions, methods of on-the-spot inspection of unidentified seismic 

phenomena, and also to elaborate the theoretical foundations of seis¬ 

mology and questions of the excitation and propagation of seismic 

waves from nuclear explosions. 

The United States has established its world-wide network consist¬ 

ing of 125 detecting stations, 65 of which are located near the borders 

of the USSR and other socialist countries [267]. 

Concerning the massive upsurge of research in '.ne 

detection and identification of nuclear explosions, one can also form 

an idea from the number of published works, which exceeded 2,000 in 

the period from 1958 to 1965. The published works deal chiefly with 

questions connected with the detection and identification of under¬ 

ground nuclear explosions. The number of works devoted to questions 

Footnote (1) appears on page 9 
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-pr detecting atmospheric and contact nuclear explosions is relatively 
small, ~ *--- 

Considerabie research has been carried out by scholars of 

England, Prance, Sweden, and other countries [145, 146, I83 245 

262, 292, 309, 335, 336, 344, etc.]. * ? 

The detection and identification of underground nuclear explosions 

is the most complex question in the detection of nuclear explosions 
by the seismic method. 

Unlike other types of nuclear explosions, in fully hidden _ 

camouflaged — underground explosions at great epicentral distances, 

indisputable proofs of a nuclear explosion cannot be obtained — 

that is, radioactive products cannot be detected. Under these condi¬ 

tions, the seismic method is at the present time the only detection 

and identification method. Identification relies on seismic recordings 

and is based on the differences in the dynamic characteristics of the 

reCOrdlngs between seismic waves of explosions and those of earthquakes. 

These differences, i.e., criteria, are connected with the different 

sources of seismic oscillations during explosions and during earthquakes 

C97, 195, 252, 269, 343, 353, 355]. 

Prom the short survey of the research carried out on the seismic 

method, it is obvious that large groups of scholars, both in our 

country and abroad, took part in its creation. . 

In the present work, generalized conclusions are drawn from the 

research results of the author on the development of the seismic 

method for detecting and identifying nuclear explosions. In drawing 

the generalized conclusions, the published works of other authors 

were also utilized. The following basic problems are investigated in 

The work explains what types of seismic waves can be recorded 

and traced for various types of explosions at a considerable range 
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of epicentral distances (up to 16,000 - 17,000 km). The work studies 

the spectral composition of the waves caused by explosions and earth¬ 

quakes, and also the spectral composition of microseismic interference. 

On the basis of the analysis of these data, the question _pf _ _ 

selecting the optimum parameters for seismic equipment is discussed: 

the pass band, the magnification band, and the dynamic range. Ways 

of increasing its effective sensitivity are examined. Groundwork is 

provided for the principles of selecting the most favorable regions 

for recording explosion waves and for the location of seismic stations. 

The work analyzes the kinematic and dynamic characteristics of the 

most steadily recorded waves and their dependence on a number of 

factors: the epicentral distance, the magnitude of the phenomenon, 

the focal depth, the properties of the rocks enclosing the explosions, 

and the differences in the seismogeological structure on the propa¬ 

gation path of the waves and in the region where the detecting station 

is located. The characteristics of explosion waves are contrasted 

with the corresponding characteristics of earthquake waves . Which 

characteristics differ most pronouncedly for both types of sources 

and can be used as criteria for the identification of explosions is 

established. 

The solution of the tasks Just enumerated is based on a study 

of the wave field in all types of explosions. Use is made of experi¬ 

mental material, chiefly that obtained by the Institute of Earth 

Physics of the USSR Academy of Sciences, but* also works published in 

the domestic and foreign literature. The material in the book is 

arranged in the following order. 

Chapter I gives the parameters of the equipment used in 

recording nuclear explosions, the recordings of which serve as the 

experimental basis for the present work. 

Chapter II examines methodological problems of spectral analysis 

of seismic waves of explosions and earthquakes, and also of micro- 

seismic Interference. 

FTD-HC-23-721-71 7 



wj-fcn increas- 
Chapter III discusses several questions concerned 

ing the effeotive sensitivity of the equipment. 

.... St;'™ ;jLrr “• ™ 
uoay and surface waves of explosions. 

Chapter VII gives an estimation of the share of 

explosion which goes Into the formation of s*T ! ** °f “ 

as well as for contact, underground and h ^ atmospheric 
, naerground and underwater explosions. 

In the conclusions, the basic results of* 
directions of* r,,* results of the work and the 

f future research are briefly formulated. 

The author expresses gratitude to s n v« 

-ice, and to , , Pollkarpov for 
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CHAPTER I 

SEISMIC EQUIPMENT USED IN RECORDING SEISMIC 

WAVES FROM EXPLOSIONS 

The information introduced in the present work concerning the 

characteristics of seismic waves caused by nuclear explosions was 

obtained from the records of galvanometric recording instruments. 

Many years of experience have established the usefulness of 

galvanometric recording instruments, which are widely used for observ¬ 

ing earthquakes, for the reliable determination of the kinematic and 

dynamic characteristics of seismic waves, including those of displace¬ 

ments or the velocities of oscillating motion of the soil in seismic 

waves caused by nuclear explosions. A great advantage of the galvano¬ 

metric method of recording is the highly stable functioning of the 

receiving channel in a wide range of periods, from hundredths of a 

second to several tens of seconds. Other advantages are its high 

sensitivity, the invariability of the parameters in time, and the 

simplicity of the apparatus and of its operation. When the equipment 

is tuned to a narrow passband (range of periods from 0.1 to 1.5 

seconds), the amplification of the equipment can be increased to 

values on the order of 10^, and when groups of seismographs are used 
7 

— to 10 or more. In this case, it is possible to record extremely 
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small displacements of the soil, amounting to only a few angstroms, 

n seismic waves. Due to these qualities, galvanometrlc recording 

equipment has already been widely used for more than 50 years In 

seismic observations of earthquakes, and In recent years also In 
those of explosions. 

However, galvanometrlc recording equipment also has some short- 

comlngs. one is the relatively small dynamic range (on the order of 

lb - 0 dB). Another drawback connected with this Is the necessity 

o using several seismographs to obtain records with different ampli- 

cations and filtrations. It Is also difficult to mechanize the 

on lPr°Tlng' Pl’aotlce shows that a Anämie range of the equipment 
on the order of 100 dB is necessary in recording seismic waves caused 
by explosions. 

above'Tnetqp1TTng eqUipment 13 free of the shortcomings mentlone. 
(C3, 92] etc.). An ever Increasing number of seismic stations 

oTthe time equipped with magneti°reoordin* ^ 
^ -K a [3, 92, 325, 329] and of the analog [183, 335, 338] 

Brief data are given below about the parameters and the filtering 

and distorting properties of the equipment, chiefly galvanometrlc 

recording equipment, used for recording seismic waves caused by nuclear 

explosions. Descriptions of this equipment are given in [6-9, 12, 
cU-22, 59 etc.]. 

—Kinematic Elements of Soil Motion in Seismic 

Waves Recorded During Explosions 

To record the seismic waves caused by nuclear explosions In a 

wide range of epicentral distances from several kilometers to 16 000 

17,000 km, the equipment is ordinarily adjusted so as to record dls- 

P acements of the soil both for body and for surface waves. Specif!- 

ca ly, in the seismic stations of the USSR, wiae-band equipment with 

FTD-HC-23-721-71 11 



type SVK (vertical seismograph designed by Klrnon) and SQK (horizontal 

seismograph designed by Klrnon) seismographs adjusted to the standard 

characteristics [93, 112] (see Table i n-««, ^ 
í±tíJ ksee lat>le 1» item 3) records displacements 

the soil in body and surface waves of near explosions and earth¬ 

quakes (with eplcentral distances up to 1,000 - 2,000 km), and In body 

waves of distant explosions and earthquakes (a > 2,000 km) (see Chapter 

VII). Displacements of the soli In surface waves of distant expo¬ 

sions and earthquakes are recorded by long-period equipment adjusted 

to the parameters shown in item 1 of Table 1. 

It is advisable to record the displacement velocity In a number 

of cases, especially when recording the body waves of atmospheric 

underground, and underwater explosions, so that the useful slgnal’can 

be better distinguished against the background Interference. 

As for equipment used to record velocities or functions close to 

them in dilatatlonal waves caused by contact or atmospheric explosions, 

there are seismographs of types SKM and USF [12], as well as others 

with a narrow passband, adjusted to the parameters shown In items 
5 - 7 of Table 1. 

As recording equipment, the following have been In use In the 

: type RS-II and OSB-VI recorders developed at the IPE*: oscil¬ 

lographs Of type POB-12, N-700, OMS, and others with their correspon-' 

ng galvanometers, types of which are shown In'Table 1 [20, 35, 112 

Examples of the amplitude-frequency characteristics of the 

galvanometrlc recording equipment used at seismic stations of the USSR 

are shown in Figure 1. Examples of those used In the stations of the 

world-wide network of the United States are shown in Figure 2 [237], 

Table 2 gives the parameters of the equipment most frequently 

usedln the seismic stations world-wide network of the United 

k 

Translator's Note: IPE designates the Institute of Physics 
of the Earth. 
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Figure 1. Amplification curves of 
seismographs installed in several 
seismic stations of the USSR. 

1 - SK seismographs with standard 
constants; 2 - the same, with 
M17/12 galvanometer; 3 - the same, 
with M17/12 gal/anometer with 
rejection filter; 6 - SKM 
seismographs; 5 - USF-ZM seismo¬ 
graphs . 

Figure 2. Amplification curves of 
seismic equipment with the param¬ 
eters recommended by the Geneva 
conference of experts of 1958 
[IB!]. Equipment installed in 
stations for detecting nuclear 
explosions of the United States 
and other countries. 

1 - short-period seismographs with 
narrow passband; 2 - group of ten 
short-period seismographs; 
3 - wide-band seismographs; 
4 - long-period seismographs. 



Table 2 gives the parameters of the equipment most frequently 

used in the seismic stations of the world-wide network of the United 

States and in other countries [I69, 267, 3^3 etc.]. 

§ 2. On the Necessity of Using Filtering Equipment 

In the overwhelming majority of explosions, the intensity of the 

resulting seismic oscillations is small in comparison with the inten¬ 

sity of the microseismic interference of the first order. In connec¬ 

tion with this, useful oscillations from explosions can be recorded 

on wide-band equipment at considerable epicentral distances only if 

the explosions have a relatively great intensity (of megaton caliber). 

Therefore, to record explosions of a small or medium intensity(from 

several to hundreds of kilotons), it is necessary to use selective 

filtering equipment, that is, to knowingly introduce the equipment 

distortions into the records of the explosions. Unless this is done, 

in the overwhelming number of cases it would be impossible to distin¬ 

guish the signals from smaller explosions, especially underground or 

underwater ones, on the seismograms against the background interference. 

It turned out to be possible to apply filtration of oscillations 

based on frequency selection,due to the differences in the amplitude 

spectra between microseismic interference and the seismic waves caused 

by explosions. These questions are dealt with in detail in Chapter III. 

Table 3 gives information on the dominant periods of body and 

surface waves in records obtained with wide-band equipment during 

explosions. These values are usually close to the periods of the 

maximum values of the amplitude spectra. 

The maximum of the frequency spectrum of intensive microseisms 

of the first order lies within the range of the passband of the wide¬ 

band channel. In connection with this fact, at periods on the order 

of 3.5 - 6.0 seconds, the working amplification V of this channel 
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TABLE 3. VALUES OF THE PREDOMINANT OR MAXIMUM PERIODS 

IN BODY AND SURFACE WAVES CAUSED BY EXPLOSIONS 

CARRIED OUT IN VARIOUS MEDIA IN THE RECORDINGS OF 

WIDE-BAND AND NARROW-BAND SEISMOGRAPHS 

Types of 

explosions 

Type of 
seismograph 

Epicentral 

distance 

A, km 

Period (sec) for waves : 

lk p.pp. 
PKP. P' P 

8.88. 
SK8 

Underground 

Underwater 

Contact 

Atmospheric 

Short-period, 
Benioff 

SK, SKM 

SKM, SK 

SKD 

SKM 

Short-period, 

Benioff 

SK, SKM 
SK, SKM 
SK 
Short-period 

Benioff 

SK 
SK, SKD 
SKM 

Short-period 

Benioff 

Press-Ewing 

SK 
SKM 

SK 
SKM 

SKD 

200-10 000 
200—1000 
200—10000 

2000—10000 
to 17 000 

6000—10000 

200-1000 
1000-10000 
to 16000 

10000 
200-1000 

4000-10000 
4000—10000 

300-2000 
7000-10 000 
5000-10000 
200-1000 
200—1000 

1000-10000 
1000-10000 
2000—10000 

0,5-1,2 
0,5-0,8 
0,7-2,0 

3,5 
1,2-1,6 

1,0-1,5 
,6-1,0 

1,0-3,5 
5-6 

1.0-1,1 
.0,5-1,0 
1.5- 3 
2.5- 3 

1,2-1,4 
2-3 
4-6 

1,5-2,5 

0,5-0,9 
0.7-1,2 
8-12 

2,0-10 
0,6-1,5 
6,0-12 
1,5-2,5 
10-14 

1,0-1,5 
4-6 
4-6 

3—4 
8—10 

15-20 
4- 8 

5- 6 
8-15 

10—18 

5-8 
10-20 
20-30 

20 

6-8 
20-40 

20-70 
6-12 
4-10 

20-40 

8-15 
20-60 
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usually cannot be Increased to more than 1,000 - 2,000. Naturally, 

this particular equipment cannot record low-intensity seismic oscilla¬ 

tions from smaller explosions at such a low amplification. Further on 

we will characterize the intensity of seismic phenomena caused by 

explosions either in terms of seismic magnitude M, determined according 

to surface waves, or in terms of m, determined according to the body 

waves [24, 217-227]. In this case, the recording range of body and 

surface waves by the wide-band channel, in explosions of a given 

intensity carried out in various media, can be determined for phenomena * 

with definite magnitudes. 

Table 4 gives information about the approximate recording range 

by a wide-band channel of waves of different types of underground, 

underwater, contact, and atmospheric explosions. As is clear from 

Table 4, the recording range of dilatational and surface waves for 

atmospheric and contact explosions by type SK and SKD seismographs at 

M magnitudes on the order of 3.5 - 4.5 amounts to 3,000 - 5,000 km. 

At M magnitudes of 4.5 - 5.5, it amounts to 10,000 - 12,000 km. For 

underwater and underground explosions, at m magnitudes greater than 

5, the recording range of dilatational waves amounts to 10,000 - 

12,000 km. 

In order to increase the effective; amplification of the receiving 

channel in recording relatively low-intensity body seismic waves with 

periods on the order of 1 - 2 seconds, chiefly those caused by under¬ 

ground and underwater nuclear explosions, it was necessary to narrow 

down the passband, limiting it on the longer-period side by values of 

T £ 1.5 - 2.0 seconds. Such seismographs were called short-period 

seismographs or seismographs with a narrow passband. 

In order to increase the effective amplification of the seismic 

receiving channel in the period range higher than 10 - 12 seconds _ 

which is necessary in recording surface waves from distant atmospheric, 

contact, and underground explosions — it was necessary to widen the 

passband to periods T >> 10 - 15 seconds, and at the same time 

to lower the amplification of the channel in the range of 
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table a. actual recording ranges op basic phases 

op BODY AND SURPACES WAVES, RECORDED IN A «ÎÏe” BY 

OUT ™0METRIC REOOBDING WIPMENT, DURING EXPLOSIONS CARRIED 

lo™“ (THE DAW B0DÏ WAVES DERIVED rrom 
PROM RECoLf SEISMOGRAPHS; THOSE POR SURPACE WAVES - 

OP WIDE-BAND AND LONG-PERIOD SEISMOGRAPHS). 

Recording range (in thousands of km) I- 
— _for waves: I Literature 

Underground 
(V>100 M) 

in salt, granite 

or other crystalline 
rocks 

in tuff 

Atmospheric 
■*>1 KM 



T < 10 seconds. Among such seismographs are Included the SKD, Benioff, 

Press-Ewing long-period seismographs and others [IH9, 256]. 

Application of rejection filters. In a number of cases when 

using short-period or long-period seismographs with the necessary 

passband, one cannot attenuate the microseisms of the first order 

enough. In such cases, electromechanical rejection filters are often 

applied [47, 294 etc.]. 

The rejection filters which are applied in practice consist of 

auxiliary galvanometers with little attenuation, with the periods of 

natural oscillations coinciding with or close to the period of the 

microseisms. These galvanometers are connected in series in the cir¬ 

cuit of the working coil of the seismograph and of the working 

galvanometer. 

In the stations of the USSR, galvanometers of type M 17/6 with 

a natural oscillation period of six seconds are used as rejection 

filters, both for long-period and for short-period channels [36]. 

In long-period channels seismographs of type SKD are used, 

adjusted to a naturax oscillation period on the order of 20 - 25 

seconds, and galvanometers of type M 17/12 with a natural oscillation 

period of 18 seconds [36] (see Figure 1). Galvanometers of type 

M 17/6 and others are used as filters. 

In a short-period channel, a seismograph of type USF is used 

with a galvanometer of type GK-VII with a period of 0.4 seconds (with 

light-weight frame). A galvanometer of type M 17/6 is used as the 
filter. 

Rejection filters make it possible to sharply attenuate (by 

10 - 20 times or more) the amplification of the channel In a narrow 

range of periods of intense five-second microseisms with only a 

slight decrease of the amplification in the range of periods higher 

than 10 seconds (see characteristic 2 in Figure 1). 
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Ordinarily signals of short-period and long-period seismographs 

are recorded either on separate channels of the same recorder, or 

more frequently, on separate recorders. This creates definite 

difficulties in processing and operating the equipment. 

At the Institute of Physics of the Earth of the USSR Academy of 

Science, N. Ye. Fedoseyenko proposed a scheme of photo-optical or 

photo-electric mixing of oscillations which would be picked up simul¬ 

taneously by seismographs adjusted at different passbands, while they 

would be recorded at the actual time on a single track (see Figure 3). 

The use of such schemes of mixing oscillations is particularly 

effective when the oscillations are recorded by short-period and long- 

period channels with rejection filters. In this case, one can on a 

single track record dilatational, transverse, and surface waves with 

the following amplifications: on the order of 10^ in periods of 15 - 
4 

24 seconds; on the order of 10 in periods of 15 - 1*0 seconds; and on 
o 

the order of 10 in periods of 3 - 10 seconds (see Figure 3)* If 

there are no rejection filters, the recordings obtained under anal¬ 

ogous conditions are complicated by microseisms (see Figure l*). 

S 3« Influence of Equipment Parameters on the Form of 

Seismic Oscillation Recordings 

The recordings of body waves during explosions are short trains 

of oscillations, ordinarily consisting of 3 - !* extrema on seismo¬ 

grams of wide-band channels or of l* - 8 extrema on seismograms with 

channels with a narrow passband. The dilatational waves as a rule 

arrive with a steep front. Surface waves on the seismograms look like 

dispersing trains of quasi-sinusoidal oscillations, in some cases 

with no sharp leading fronts (see Figures 3-5). 

Considerable distortions in the form of the recordings are connec¬ 

ted with the pulsed character of the body waves, especially their initial 
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sections. The biggest distortions in recordings of body waves are 

observed in seismograms of short-period instruments with narrow pass- 

bands. At the same time, the recordings of dilatational waves are 

of great significance for detecting and identifying nuclear explo¬ 

sions: recognition of explosions depends on their shapes, while the 

seismic magnitude of the phenomenon is determined from the ratio of 

the amplitude to the period. The intensity of the explosion is also 

estimated in the same way. 

This section examines the distortions introduced into the 

seismic recordings by SK seismographs adjusted to standard constants, 

by SKM seismographs with narrow passbands, by short-period USF seis¬ 

mographs, etc. The character of the distortions for suddenly 

beginning stationary sinusoidal oscillations and Berlage type pulses 

is examined for the seismographs mentioned. The distortions of the 

experimental recordings obtained on equipment with different filtering 

properties are also examined. 

1* Distortion of the form of recordings by SK seismographs. 

adjusted to standard constants. The distortions of the initial part 

of the recording of seismic waves made by type SK seismographs, 

operating with type GK-VII galvanometers, which are widely used in 

seismic stations of the USSR, are examined in [60] for cases when 

the displacement of the soil X(t) has the appearance of a suddenly 

beginning sinusoidal oscillation: 

X = Xma*sin-jr-at 1^0, 

X — 0 at <<0. (1) 

It is shown that in the range of periods T. > T > T„, the amcli- 

tude of the first oscillation on the recording in this case can be 

minimized considerably (up to 30%) in comparison with the amplitude of 

the stabilized oscillation, and the first half-period can be minimized 

up to 10Í or somewhat more in comparison with the actual value. Th° 

FTD-HC-23-721-71 
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Figure 5. Recordings of P waves taken by equipment 
with various frequency characteristics. 

Wide-band SVK seismographs: a - contact explosion in the 
Marshall Islands (A = 9,^00 km); b - atmospheric explosion at 
Christmas Island (A = 8,800 km); SVKM seismographs with 
narrow passband: c - underground explosion in Nevada 
(A * 9,900 km); d - atmospheric explosion (A = 2,900 km); e - 
underwater explosion off the coast of California CÀ * 
* 7,910 km); f - underground explosion (A = 3>700 km; 
P and PcP waves). 
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Figure 5. (continued) 

Verticâi Eenioff seismographs: g - contact explosion in 
the Marshall Islands (A = 9,000 km); h - underground exolo- 

to data i [Igo]0™* ’ N6W Mexic0 (A s ^500 km)» according 

amplitudes and periods of the subsequent oscillations are only 

slightly distorted, and in practice their distortions can be omitted 

from consideration. 

In [60] graphic methods are developed for introducing corrections 

into the values of the amplitudes and periods of the initial oscilla¬ 

tions in cases when suddenly beginning stationary oscillations act on 

a type SK seismograph. These methods were used in the present work 

in calculating the true displacements and periois in the first motion 

of body waves of atmospheric, contact, and powerful underground explo¬ 

sions recorded by type SK seismographs. These corrections were not 

introduced into the recordings of surface waves since they were 

negligible. In the interpretation of surface waves, attention was 

given chiefly to the maximal oscillations in the train, which are 

usually not confined to the initial part of the train. 
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2. Distortion of shape of records when using seismographs with 

narrow passbands. In this case, there are significant distortions 

of the initial portions of the records of dilatational wav^s p and 
n 

P, which are of important significance for purposes of detecting and 

identifying nuclear explosions. Therefore, when calculating the dis¬ 

tortions, it is advisable to consider the excitation function as a 

pulse of finite duration. Besides this, in oscillations caused by 

explosions, the first derivative of displacement is usually continuous, 

while the second derivative or a derivative of a higher order under¬ 

goes a discontinuity. In this connection, the excitation function 

was presented, not as a suddenly beginning stationary sinusoidal 

oscillation, but as a Berlage type pulse: 

X = Xntz te-» sin -—-at <>0. 

x = o at *<0. (2) 

For the special case when the Berlage pulse is X = te”^^ sin £Trt, 

that is when Xmax = 1, p = u, and T = 1 second, calculations were 

carried out for the distortions of the shape of the pulse in question 

by seismic receiving channels with narrow passbands (see Figure 6). 

Calculations were carried out for the following parameters of 

the receiving channel: 

For SVKM seismographs: T, = 2.5 sec, T? »'1.1 sec, D. => 1.5; 

D2 = 3, o2 = 0.3; 

For Benioff seismographs: = 1 sec, T2 = 0.2 sec, D1 = D2 

02 = 0. 
1, 

Curves 1, 2 and 3 in Figure 6 show that, when Berlage pulses are 

recorded by type SVKB seismographs and Benioff seismographs, consider¬ 

able distortions are introduced. In this case, for SVKM seismographs 

a reduction of the amplitude of the first extremum by about 25% occurs 

in comparison with the amplitude of the second extremum. Also, a 

reduction in the time of the first half-oscillation of 20% occurs in 
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Figure 6. Example of calcu¬ 
lating distortions in the 
shape of Berlage pulse 
recordings (1) 

comparison with the half-period of 

the forced oscillation in the Berlage 

pulse. The distortions introduced 

into the recording by the Benioff 

seismograph, which has a narrower 

band and shorter period, are some¬ 

what larger than the distortions 

introduced by the type SVKM seismo¬ 

graph, which has a wider band and a 

longer period. For example, the time 

of the first half-oscillation was 

reduced by more than 50% in compari¬ 

son with the half-period of the same 

half-oscillation in the forced 

Berlage pulse. 

« * 

at T = 1 sec, with SVKM seis¬ 
mograph (2) and Benioff seis¬ 
mograph (3) 

m = amplitude of first extremum 
of reference pulse 

<f>2 2 = amplitudes of distorted 
* pulses. 

The above-mentioned distor¬ 

tions in recordings of dilatational 

P waves by seismographs with dif¬ 

ferent absolute passbands are cal¬ 

culated for Berlage type pulses and 

agree with the observed data given 

below [99]. 

3- Experimental data on distortions in the form of dilatational 

wave recordings. From the practical point of view, it is most interest¬ 

ing to study the distortions in the form of recordings during underground 

explosions, inasmuch as the seismic method is the only method for the 

detection and identification of this type of explosion. The form of the 

train of oscillations in the P wave plays an important role in the iden¬ 

tification of explosions and earthquakes. In the identification of explo¬ 

sions, the shape of the rounded train in the P waves is used as the cri¬ 

terion. The form is characterized by the correspondence of 
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the amplitude» of the first and the subsequent oscillations, by the 

direction of the first motion, and by a number of other peculiarities 

of the records. For this reason, it Is essential that during the 

recording of the P waves during explosions the receiving equipment 

should not excessively reduce the amplitudes of the first oscillations, 

particularly of the first motion, and also should not substantially 

distort the shape of the recording of the entire train of oscillations \ 
n the P wave. Experience shows that the reliability of identifying 

recordings of explosions, especially of underground ones, depends, 

to a considerable degree on how correctly the parameters of the 

recording equipment have been selected. 

One can form an idea about the accuracy of recording the 

first motion by equipment with different parameters by determining 

the relationship of the amplitude of the first motion to the amplitude 

of the second and maximum oscillations in the train of the dilata- 

tional wave, recorded by the equipment with different parameters. 

Let us examine the relationships Just mentioned, calculated from 

records obtained in the same station with equipment with different 

parameters for a number of underground nuclear explosions at three 

substantially different epicentral distances (A » 2,800 km, A - 

= 4,500 km, A. * 9,900 km) (Table 5). 

Recordings for dilatational waves during the underground explosions 

in question were not received on the long-period and wide-band 

channels. The first dilatational waves were recorded only by equip¬ 

ment with a narrow passband. 

It is clear from an analysis of the data given In Table 5 that 

the shape of the oscillations, the accuracy of the recordings of the 

first motion, and also Its amplitude depend on two parameters‘of the 

receiving channel: the width of the passband and the maximum period 

of the frequency characteristic. By the absolute width of the pass- 

band In this case Is understood a band taken within the range of the 

values of the boundary periods on a level of 0.5 from the maximum of 
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the frequency characteristic, as is the custom in seismology. The 

relative width of the passband designates the ratio of the absolute 

passband width to the maximum period of the frequency characteristic, 

expressed in percent. 

The direction of the first motion was recorded most accurately 

by equipment with a uniform amplification in periods ranging from 

0.1 to 1.0 - 1.2 second. Adequate results were given also by equip¬ 

ment having an amplification maximum located at periods on the order 

of 1.0 - 1.8 second. The equipment has a passband with r. relative 

width on the order of 100$ or more. The ratio of the amplitude of 

the first motion to the maximum in this case amounts to approximately 

0.5. The accuracy of recording the first motion is influenced sub¬ 

stantially by widening the passband in the direction of the longer 

periods, which, however, is limited by the increase of the inter¬ 

ference level. When the band is narrowed and shifted towards the 

shorter periods for instance if the passband is 0.3 - 0*7 seconds — 

the amplitude of the first oscillation decreases sharply. The ampli¬ 

tude maximum in this case shifts into the region of subsequent oscil¬ 

lations (the fifth or sixth extremum). No records at all were 

obtained on equipment when the passband was moved to ards shorter 

periods (see below. Figure 10). 

Thus, when using equipment with a narrow passband, whose ampli¬ 

fication maximum is moved towards the shorter periods and whose ^ 

amplification can be increased under ordinary conditions up to 10 

or more, either the first motion does not show up clearly in the 

recordings of distant underground explosions, or the oscillations 

excited by such explosions are not recorded at all. When the pass- 

band of the equipment is narrowed, the distortions of the true shape 

of the signal increase. 

When calculating displacements of the soil, appropriate 

corrections calculated '’or the prescribed type of pulses are introduced, 

for example, pulses of the Berlage type or other types [60, 18]. 
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When selecting the parameters of the equipment, one applies some 

of their optimum values, in each case taking into consideration the 

concrete conditions of interference at the detecting point and the 

spectral composition of the useful oscillations. 

However, this practice will soon become obsolete and will be 

replaced by the practice of recording seismic waves with wide-band 

equipment with magnetic recordings having a large dynamic range, 

followed by analysis of the oscillations on electronic computers. The 

pertinent filtrations, corrections, etc., will be introduced 

automatically. 

S 4. Differences in Magnitude Values in Records from 

Instruments with Different Frequency Characteristics 

It has been established experimentally that the values of the 

m or M seismic magnitude for the same explosion from the records of 

seismographs which are located at the same point but which have dif¬ 

ferent frequency characteristics do not as a rule coincide [103 etc.]. 

Ordinarily, the largest values of m or M are from records of seismo¬ 

graphs with the widest bands. This is explained by the fact' that, 

when wide-band seismographs are used, the spectrum of the recorded 

waves usually is located within the range of the passband of the 

receiving equipment. When equipment with a narrow passband is used, 

only a certain limited portion of the wave spectrum comes within the 

range of this band. There may possibly be cases when the spectral 

band of the waves does not coincide with the narrow passband oí the 

equipment. In such cases, the intensity of the recording, as was shown 

in the preceding section, will be considerably reduced and, accord¬ 

ingly, the magnitude to be determined will be underestimated. 

Table 6 gives the divergences in the magnitudes of m and M, 

as determined from recordings of wide-band SK seismographs and of 

SKM and USP seismographs with narrow passbands, when recording seis¬ 

mic waves excited by contact, atmospheric, and underground explosions. 
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TABLE 6. DIFFERENCES IN THE VALUES OF m AND M, 
DERIVED FROM RECORDS OF WIDE-BAND SEISMOGRAPHS 
OF TYPE SK AND SEISMOGRAPHS CF TYPE SKM AND USF 
WITH NARROW PASSBAND (FOR VALUES OF m ON THE 

ORDER OF 5.5) 

Types of Range of_Values of Am_ Values of Am 

explosions A, km mSK"mSKM mSK"mB mSK“mUSF MSK"MSKM MSK_MUSF 

Contact 5150-9000 0.4 0.3 - 0.3 0.3 

Atmospheric 500-5000 0.3 0.3 0.3 0.3 0.3 

Under- 6000-9900 0.3 0.4 0.3 0.3 0.3 
ground 

Mean value 0.3 0.3 0.3 0.3 0.3 

As is clear from Table 6, when waves excited by contact, 

atmospheric,, and underground explosions are recorded, the magnitudes 

from data of SK seismographs adjusted to standard constants are greater 

by 0.3 units of magnitude than the same values from the records of 

type SKM and USF seismographs adjusted to the constants shown in 

Table 1 [103]. 

When waves caused by underground and underwater explosions are 

recorded, the m magnitude in the records of type SKM instruments is 

larger by approximately 0.1 - 0.2 units of magnitude than the values 

from che records of type USF seismographs which have even narrower 

bands (see Figure 1). 

The values of M determined from records of long-period seismo¬ 

graphs with rejection filters also are reduced in comparison with 

the values determined from the records of wide-band seismographs. 

The above-mentioned phenomenon of the dependence 01 the m and M 

values on the frequency characteristics of the receiving equipment 
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must be taken into consideration in establishing the dependences of 

m and M for seismic phenomena on the magnitude of the TNT equivalent 

of the explosions. The correlations in question should be established 

separately for the readings of wide-band and narrow-band seismographs. I In the present work, as a rule, the values of M were determined solely 

by the records of wlde-band and long-period seismographs. 

In the future, it will be necessary to establish both experimen¬ 

tally and by calculations the values of the pertinent corrections for 

the most widely applied types of instruments and for pulses close to 

the real ones. 

Recently, the dependence of m on the magnitude has 

been revealed. When the values of m are increased > 6, the value of 

Am decreases to 0.15 - 0.1. When m is decreased to 4.5, an increase 

of Am to 0.4 - 0.5 units of magnitude is noted. 

§ 5. Optimum Parameters of the Equipment Recommended 

in [131] for Stations Detecting Nuclear Explosions 

For purposes of detecting and identifying nuclear explosions 

carried out in various media, it is necessary to record waves of 

different types — dilatational, transverse, and surface, whose periods 

of oscillations are different for the same explosion. Besides this, 

the periods of the same types of waves and the corresponding correla¬ 

tions of intensities in body and surface waves differ considerably 

for different types of explosions. Therefore, for the same explosion, 

especially one of a small intensity, at epicentral distances greater than 

1,000 km one cannot always obtain sufficiently intensive records of 

the body and surface waves with only one set of seismic receiving 

equipment. This is connected with the small dynamic range of galvano- 

metric recording equipment and with the presence of intense micro¬ 

seisms, some of which may be microseisms of the first order. 

Therefore, stations for detecting nuclear explosions must be 

equipped with several sets of equipment, each one of which is adjusted 
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to the optimum parameters for obtaining the most satisfactory records 

either for body waves or for surface waves. In addition, recording 

must be performed at different levels of amplification, usually at 

two. 

At the present time, the stations are each equipped with three 

sets of seismic equipment, each consisting of three components. They 

have approximately the following characteristics: 1) a short-period 

set with narrow passband from 0.1 to 1.5 - 2.0 sec with amplification 

on the order of 105 - 106; 2) a wide-band set with a passband of from 

0.2 to 10 - 12 sec and amplification on the order of 10^; 3) a long- 

period set with a passband of from 8 - 10 to 60 - 80 sec, with an 

amplification on the order of (2 - 3) *10** in periods of 20 - 25 sec, 

and with a drop of the left slope of the characteristics on the 

order of 60 - 80 dB. 

A number of stations are equipped with from 20 to 100 or more 

short-period vertical teismometers with periods of 1 sec with a 

total amplification of 106 or more [91, 131, 169, 212, 335, 3^3]. 

As examples. Figure 2 shows amplification curves of equipment 

installed in modern seismic stations for detecting nuclear explosions 

of the United States and other countries [169, 191, 211, 212, 335, 

3^3]. They have the parameters recommended by the Geneva conference 

of experts of 1958 [131]• 

In the future, it Is expected that equipment with magnetic 

digital recording — for instance, that of type KOD, designed by the 

IPE of the USSR Academy of Sciences [92] — will go into use. This 

equipment possesses a great dynamic range (on the order of 60 dB, but 

up to 120 dB when there are two levels of sensitivity). When this 

equipment is put Into use, it will no longer be necessary to install 

a large number of sets of selective equipment in the same station. 
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In this way, as equipment with galvanometric recording 

instruments — previously used for recording earthquake waves — 

came to be used for recording explosions, the equipment was perfected. 

This improvement of the equipment was directed mainly towards endowing 

it with a greater sensitivity in a restricted range of periods. In 

the USSR, the short-period SKM and USF seismographs, and galvanometers 

with light-weight frames were devised for these purposes. This made 

possible an increase of the effective amplification of the equipment 

by a factor of 60 - 500 in periods on the order of 1 sec in compari¬ 

son with seismographs of type SK. Long-period seismographs of type 

SKD were devised. When galvanometers of type M 17/12 and rejection 

filters were used, they made it possible to increase the amplification 
ji 

in periods on the order of 10 - 25 sec up to (1 - 1.5)‘10 . There 

have been designed recording instruments of type OSB-VI, OMS, and 

others with photographic recording, as well as those with visible 

recording on graph, electrographic, and thermal paper. 

Special equipment with magnetic analog and digital recording 

has also been designed in the USSR and in other countries. 
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CHAPTER II 

THE APPLICATION OF FREQUENCY ANALYSIS OF SEISMIC 

OSCILLATIONS FOR THE STUDY OF THE DYNAMIC 

CHARACTERISTICS OF SEISMIC WAVES 

The amplitude spectra of the body and surface waves (hereinafter 

referred to simply as the wave spectra) are used in the present work 

in comparing some of the dynamic characteristics of seismic waves 

caused by explosions carried out in various med.<a with those caused 

by earthquakes. Examination of the spectra of seismic waves caused 

by explosions and by earthquakes makes it possible in a number of 

cases to bring out clearly some auxiliary dynamic differences in 

the character of the records — differences which are indistinguishable 

In a comparison of the records themselves. This is connected with the 

fact that divergences in the spectra of pulse oscillations which are 

close to each other in shape often appear more sharply than divergences 

in shape of the reference pulses themselves. For the purposes mentioned 

above, it Is possible to use amplitude or energy spectra both of sep¬ 

arate waves and of the whole record of seismic oscillations on the 

seismogram. 

This chapter briefly examines the tasks, connected with a study 

of the dynamic characteristics of seismic waves, which are to be 
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solved chiefly by research on the amplitude spectra of seismic waves. 

The means of obtaining the spectra are also described, and several 

examples are adduced, illustrating principally the methodological 

aspect of the question. The comparison of the spectra of waves caused 

by explosions and those caused by earthquakes is to be found in 

Chapters V and VI of this work. 

§ 1. Areas in which Spectra are Applied 

The spectra of seismic waves contain information by which one 

can Identify the character of the source, as can be done using other 

parameters of the record. For instance, one can distinguish the 

records of l »th near and distant underground, underwater, and atmospheric 

nuclear explosions from the records of most earthquakes and near 

industrial explosions. However, in cases when the wave spectra of 

explosions and earthquakes do not differ sharply, it is difficult to 

use them for the purposes mentioned above. The fact is that the 

character of a spectrum depends on a number of causes: on the geo¬ 

logical structure at the source area, at the station, and along the 

entire path of propagation of the waves; on the depth, height, and 

power of the source; on the attenuation of the waves with the epicen- 

tral distance, and others. 

By using the relationships of the wave spectra of different 

seismic phenomena, for example, of underground nuclear explosions and 

earthquakes, propagated along the same or close paths, and recorded 

in the same stations, one can exclude the influence of the medium, 

including even the effects of attenuation to a certain degree. Naturally 

the spectral differences in waves of explosions and earthquakes must 

be used in an identification, in combination with other kinematic and 

dynamic characteristics of the recordings. 

For example, the following tasks can be solved by means of 

spectral analysis. 
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1. Study of the spectral composition of the useful signals 

(seismic waves and interference) of microseisms. By knowing the 

spectra of the useful signal and the interference, one can- improve 

the conditions of recording the useful waves in the following manner: 

a) one can select the optimum parameters of the equipment for 

obtaining the greatest ratio of the amplitude of the useful signal 

to the amplitude of the interference, or in some cases, for practi¬ 

cally total suppression of interference; b) one can select the optimum 

parameters of the group of seismographs for the purpose of selecting 

the oscillations, both according to frequency and also according to 

direction, or according to their velocity characteristics. Spectral 

methods are used to select the means of suppressing interference in 

a single station equipped with a three-component installation of 

seismographs and in a number of other cases. 

2. Determining the basic parameters of the spectra of tne use¬ 

ful signal — the period of the maximum for the P wave, which prac¬ 

tically coincides with the dominant period of not—too—short quasi— 

sinusoidal seismic pulses; the width of the spectral band and the 

steepness of the drop of its slopes; and the ratios of amplitudes 

of different spectral components, the so-called spectral coef ficie’-ts. 

It is necessary to determine these parameters of the spectra, for 

instance, in selecting the useful signals at the point of detection 

according to their spectral characteristics, and in several other 

cases. 

3. Determining the spectra of simple waves composing the 

interference oscillation, according to the spectrum of the interfer¬ 

ence wave, when there are differences in the predominant periods of 

the simple wave spectra. 

4. Determining the spectra of the useful signals recorded by 

wave-band equipment on a background of intense interference, mainly 

of microseisms of the first order. This is possible when there are 

differences in the predominant periods between the useful signal and 

4l 

làtâ 
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the interference. In this case, the spectra of the useful signal 

and those of the interference are divided up into two or more 

isolated sections, in which amplitude increases can be seen in the 

area of the spectra maxima, which are distinguished from each other 

by their periods. 

5. Identifying seismic waves of different types dilatational, 

transverse, surface — by their spectra. 
♦ 

6. Using spectra recordings to distinguish explosions from 

those of certain earthquakes which are similar to them, which occur 

in the same area, and which are recorded by a network of the same 

stations. Among other things, the ratios of the spectra of dila¬ 

tational, transverse, and surface waves, or the spectra of the entire 

oscillation recording are used for this purpose. This is based on 

the difference in the mechanism of the forces at the source, 

including the different duration of the source, and the dimensions 

of the latter. The method of determining the forces at the source 

by the spectra of the body and surface waves, chiefly Rayleigh waves, 

which are recorded at distant stations, is described, for example, 

in the works [55* 56, 3^5, 3^7, etc.]. 

7. Study of the spectra of the basic shock of an earthquake 

and the subsequent aftershocks for the purpose of identifying them. 

$ 

8. Evaluation of the absorptive properties of the medium in a 

certain range of periods, and also determining the dependence of the 

absorption coefficient on the frequency. Knowledge of these 

relationships enables one to evaluate the amplitudes of oscillations 

in the waves in records of equipment which filters according to 

frequency. In addition, the determination of the absorption 

coefficients of seismic oscillations in the waves, and also their 

dependence on the frequency, is of independent significance, basically 

for studying the properties of the Earth’s crust, mantle, and core. 

42 
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9. Plotting of spectral calibration curves for classifying 

earthquakes and explosions in terms of energy. 

In addition to the tasks enumerated above, spectral methods can 

also be used for solving many other general seismological and special 

problems, for example, for determining the relative intensities of 
explosions, etc. 

meth r: reotra ai,e not used in this ^aue to the ^ ^ ^ 
methods of their quantitative interpretation with reference to the 

seismology problems being examined here are as yet relatively 

undeveioped, even though when spectra are calculated on computers 

both the amplitude spectra and the phase spectra are calculated 
simultaneously. 

Among the problems which may possibly be solved by simultaneously 

us ng amplitude spectra and phase spectra are problems such as 

determining the forces in action at the source, studying the disper¬ 

sion of the seismic waves, building models of the media, and others. 

In the following sections, the methods of obtaining amplitude 

spectra are described briefly, and examples of solving some of the 

above-mentioned problems are given. Some of the problems enumerated 

above are touched upon also in the following chapters. 

# 

i-L_Methods of Obtaining Spectra 

The possibility of making the transition from analysis of the 

shape of the pulse in the seismogram x(t) to analysis of its complex 

spe*trum S(w), as Is well known, is based on the following Fourier 

transformation 

400 4Ä 
— A Ij00 400 

SM- 5*«)«« A -SsMcosuMI + , C maiaalJ, _ + 
-°0 -00 -00 (3) 
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where the pulse x(t) is defined by the following 

- '*m S 3(m)r**dt. 
The modulus of spectrum (3) 

15(®) J = Vj\(tù) + /¾^) 

Is an amplitude spectrum, and the argument 

¢(0) = *rc tg 

Is its phase spectrum [135]. 

In this work, amplitude spectra are presented graphically in 

terms of the relationship of |S(T)| to T, where T is the period in 

seconds. In certain cases, they are presented in terms of the 

relationship of |3f(t)| to the frequency f » l/T in hertz, or the 

relationship of |S(w) | to the circular frequency (u), expressed in 

rad/sec. 

In this work, the spectra were determined by two methods: from 

the records of the FSSS designed by K. K. Zapol'skiy [^9, 50], and by 

the method of parabolic interpolation on an electronic computer [86]. 

The raw material in both methods consisted of the seismograms obtained 

in seismic stations by equipment with galvanometric recording on 

photographic paper. 

Pgterrclnatlon of spectra on electronic computers. In order %o 

determine the spectra by means of calculations, the part of the 

oscillographic record which Is analyzed Is converted Into numerical 

data. These numerical data must then be transferred onto cards. 

« 
FSSS (chastotno-izbiratel'naya selsmicheskaya stantsiya) 

Frequency Selecting Seismic Station. 

expression: 

(4) 

(5) 

(6) 
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by means of which the information is introduced into the computer. 

When the data are being converted into numerical form, the duration 

section At is indicated on the oscillograph record. This section 

contains all the oscillations having a relation, in the opinion of 

the interpreter, to the train of the wave being analyzed. The ampli¬ 

tude of oscillations on the record is measured at equal time intervals, 

for instance, in the case of P waves of underground explosions, at 

20 points in each one-second interval in the record of oscillations. 

The semi-automatic devices described in [15, 75] were utilized in 

converting the data to numerical form. 

In order to obtain an approximate spectrum with an accuracy on 

the order of 5-10*, it is necessary, as was shown in [Hi], to measure 

10-15 values of the ordinates for one period of the oscillation being 

analyzed. As the number of measured points in the period of oscilla¬ 

tion is increased, there will be an increased accuracy of calculation 

of the spectra by the method of parabolic interpolation. In this 

work, no less than 20 values of the amplitude in one period of oscil¬ 

lation were measured when the records were converted to numerical data; 

therefore, the spectra given in this work, as a rule, have an accuracy* 

not less than + 5*. 

Evidence has been introduced in the literature for amplitude 

values in |3(<*>)| and 4»(w) ranging from hundreds to several tenths of 

one w. The number of |S(w)| and *(w) values mentioned in the 

literature have been on the order of 50 per 1 hertz. 

The examples of spectra given in Figure 7 a) and b) were calcu¬ 

lated on electronic computers for dilatational waves P and P of an 

underground nuclear explosion. They were recorded at different 

epicentral distances. 

In the spectra calculated on electronic computers for portions of 

the records containing 5-10 oscillations, there is a scatter 

of the adjacent values of the amplitudes of the spectral components. 
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This is what is called brokenness of the spectra. It may evidently 

be connected with the interference chiracter of the oscillations, with 

errors in converting the raw records to numerical data, or with a num¬ 

ber of other causes. The phenomenon of brokenness of the spectra is 

not observed as a rule in spectra of waves containing 2-3 oscillations. 

Therefore, when plotting graphically the broken spectra, they were 

smoothed out in advance by averaging five or nine successive values 

of the amplitudes of adjacent spectral components. Hereafter this 

method is called the method of averaging at five or nine points with¬ 

out overlapping. Another method which was also used was that of 

averaging over five or nine succesive values, in which case the aver¬ 

aging interval shifted successively to a single value. This method 

is named the method of averaging with overlapping. In both methods, 

the averaged value was around the middle of the averaged interval — 

for instance, at the third point when five points were being averaged, 

etc. 

In most cases the method of averaging at five points with over¬ 

lapping was used. When 50 values of the amplitude spectral component 

per one hertz were recorded, good results were obtained wich the 

method of averaging five successive values of the amplitudes of the 

spectral components without overlapping. 

Examples of the spectra of one P wave fpom an underground nuclear 

explosion are shown in Figure 8. The spectra were plotted without 

averaging (1), by averaged values at nine points without overlapping 

(3), and at five points with overlapping (4). It must be noted that 

visual averaging of the amplitude spectrum (curve 2 in Figure 8) also 

gives satisfactory results. 

An examination of the spectra in Figure 8 reveals clearly that 

averaging of adjacent amplitude values makes it possible to give them 

a smooth shape, removing the brokenness of the spectra, that is, to 

smooth out individual anomalous overshoots, evidently connected wit>* 

the interference character of the oscillations, with accidental errors, 
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Figure 8. Examples of different means of averaging 
broken-up spectra for prolonged sections of a recording 
of P waves of an underground explosion. 1 - Spectrum 
before being averaged. 2 - Visual averaging. 3 - 
Averaging, over nine successive points without over¬ 
lapping. 4 - Averaging over five successive points 
with overlapping. 

for instance, those occurring when converting data to numerical form, 

etc. 

In order to carry out an experimental evaluation of the errors 

introduced into the spectra when the records are converted to numer¬ 

ical form by various computers, pertinent calculations were made of 

the spectra of waves recorded during underground nuclear explosions 

and earthquakes. Errors occurring during repeated computations, 

both on single-type machines and on hybrid machines, ordinarily fall 

within the range of about + 5%, that is, within the range of errors 

of calculations of spectra by the parabolic interpolation method [14, 

86]. Exclusion of the steady component is also specified in the pro¬ 

gram for calculating the spectra. 
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Plotting spectra from records 

of FSSS station [49, 50]. In this 

case the spectra are calculated from 

seismogram records by separate chan¬ 

nels with octave filters of the 

spectral components of oscillations 

of the soil in the given seismic 

wave. The lines of oscillations in 

the records of each channel, per¬ 

taining to the given wave, charac¬ 

terize its energy in the period 

interval corresponding to the pass- 

bands of the channels of the FSSS 

station. 

Figure 9 gives an example of 

the amplitude-frequency character¬ 

istics of a seven-channel FSSS sta¬ 

tion, the records of which are 

analyzed in this work. The station 

is calibrated according to the dis¬ 

placement velocity in the seismic 

waves. This makes it possible to 

calculate the absolute values of the 

displacement velocities. To maintain control over the operation of 

the seismic receiving channels in each seismogram, a standard electric 

signal from the constant amplitude generator is entered on all tracks 

at the same time. This electric signal maintains a constant voltage 

at all frequencies [42]. A signal with an amplitude of 1 uV at 

frequencies from 0.1 to 20-30 hertz is usually impressed at the 

channel inputs. 

Figure 9. Amplitude-frequency 
characteristics of seven- 
channel FSSS station. I-VI 
are various filtrations. 

The process of obtaining raw records for calculating the spectra 

is carried out in the following way. The electric signal from the 

seismometer recording the velocities of soil oscillations is simul¬ 

taneously introduced into 6-8 or more recording devices, each one of 
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\ 
which consists of a separate amplifier, filter, and short-period 

galvanometer with f » 10 - 100 hertz. Recording also takes place 

simultaneously by the channel with the wide passband (WB). 

Figure 10 gives examples of recordings made by an FSSS station 

of the P wave from a distant (A = 9,900 km) underground nuclear 

explosion carried out by the USA in Nevada, and also of recordings of 

near (A = ^0 and 60 km) industrial explosions carried out in lime- 

stone quarries. The same seismogram also shows records of signals 

from the constant amplitude generator with a voltage amounting to 

1 yV in the range of periods from 0.1 to 30 hertz. 

The amplitude spectra of the waves can be plotted according to 

the records of the FSSS station. The methods of plotting them are 

described in [^9, 50^ 133]. However, in this work the records of 

the FSSS equipment were used only for relative comparison of some of 

the conventional spectral characteristics — the "conventional FSSS- 

spectra," plotted for underground explosions and earthquakes. To 

plot the conventional FSSS-spectra, the maximum values of the voltage 

at the channel outputs were plotted on the ordinate axis in micro¬ 

volts. The magnitudes of these values were proportional to the dis¬ 

placement velocities in the waves. 

Figure 11 gives examples of conventional FSSS-spectra of 

velocities for the dilatational P waves of underground nuclear explo¬ 

sions, near industrial explosions, and also earthquakes. 

Table 7 gives the mean values of the maximum amplitudes in the 

velocity spectra of explosions and earthquakes in the records of six 

channels of the FSSS station. The mean values were normalized on the 

third channel. Also, Table 7 gives data concerning the underground 

nuclear and industrial explosions, and also about earthquakes. When 

examining Table 7 it should be taken into account that the mean val¬ 

ues of the maximum components pertain to the period of maximum 

amplification of the channels, which in a number of cases did not 

Footnote (1) appears on page 78. 

FTD-HC-23-721-71 
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Figure 10. Examples of recording, by five channels of 
a FSSS station, of Pnuc waves of an underground nuclear 

explosion in Nevada (A = 9,900 km), of body waves P, d 
and S, of surface waves of a near (A = 60 km) indus¬ 
trial explosion. In the upper tracks of each channel 
are shown the calibration signals of the MGPA; 
filtrations II-VI correspond to the characteristics of 
Figure 9. 
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Figure 11. Examples of arbi¬ 
trary FSSS-spectra of veloc¬ 
ities of particles of the 
medium in P waves of explosions 
and earthquakes. 1 - Underground 
nuclear explosion in Nevada (A * 
9,900 km). 2 - Averaged spectrum 
of 100 earthquakes (A = 1,200 - 
10,000 km). 3 - Industrial 
explosion in a quarry (A = 60 km). 
4 - P waves of a distant earth¬ 
quake on Sept. 21, 1963 (a = 
7,250 km). The dots represent 
experimental data. 

Figure 12. Examples of the FSSS- 
spectra of displacements of 
particles of the medium in the 
P waves of explosions and earth¬ 
quakes, converted from the 
spectra of velocities shown in 
Figure 11. 1 - For an under¬ 
ground explosion (A = 9,900 km). 
2 - Averaged spectrum of 100 
earthquakes (A = 1,200 - 10,000 
km). 3 - Near industrial explo¬ 
sions in a quarry (A » 60 km). 

coincide with the period of the maximum oscillation. The amplitude 
0 

values themselves were calculated for the period measured in the 

record. The standard deviation from the mean value for earthquakes 

amounts to about + 10¾ from the measured values. 

In this work, the amplitude spectra for displacements in the waves 

were mainly calculated on electronic computers. Therefore, it was of 

considerable interest to make the transition from the "conventional 

FSSS-spectra" to displacement spectra in the waves as calculated on 

electronic computers. It was established that for such a transition 

it is necessary to multiply the amplitudes of the spectral components 

by the corresponding values of the periods, that is, the "conventional 
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PSSS-spectra" which are close to the spectra of velocities in the 

waves. 

Figure 12 shows the FSSS-spectra of displacements for the P waves 

of explosions and of earthquakes. 

A strict check of the identity of the FSSS-spectra and the spectra 

calculated on electronic computers was carried out in the work of M. A. 

Gostev. 

Let us note that the FSSS-spectra characterize the spectral 

distribution for 6-8 definite discrete values of the periods, while 

the spectra calculated on the electronic computers make possible con¬ 

siderably greater detail. However, an 18-channel FSSS equipment with 

a range of recordable frequencies from 0.1 to 75-100 sec has recently 

been designed and put into use. 

The equipment and methods elaborated in [6l, 62, etc.] can be 

used for determining the spectra. 

corrections into the spectra for irregular equipment 

characteristics - The spectra are distorted when there is unequal 

amplification of the equipment, and corresponding corrections must be 

introduced to remove these distortions. Corrections are introduced by 

dividing the spectral component values by amplification of the equip¬ 

ment at the corresponding period. When introducing corrections for 

the distorting action of the receiving equipment, it is advisable in 

practice to do so within the range of the channel passband, taken at 

a level of 0.5 of its maximum amplification. Attempts to introduce 

corrections far beyond the range of the passband may in many cases lead 

to considerable errors. 

However, in [115] the possibility is shown of introducing 

corrections into spectra for an irregular amplification of the equip¬ 

ment, and consequently, the possibility of obtaining true spectra even 
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beyond the range of the indicated passband of the receiving channel. 

Corrections for equipment distortions are introduced into the 

spectra in cases when it is essential to know the true spectra of 

waves of different types — for example, when studying the influence 

of seismic waves on edifices and in a number of other cases. However* 

in cases when one is performing a comparative study of the spectra of 

records of waves from explosions and from earthquakes, obtained on 

single-type distortion equipment to identify the source, usually cor¬ 

rections are not introduced into the spectrum for irregular channel 

amplification. 

The spectral frequency range used in solving various problems. 

Even though spectra are determined in a frequency range from several 

hundredths of one second to several tens of seconds, in order to 

obtain reliable conclusions it is necessary to use only those sec- j 

tions in which the amplitudes of the spectral components amount to no 

less than 5$ of the amplitude of the maximum of the spectrum. 

Thus, for example, well-founded quantitative conclusions on the 

spectra of body waves P and Pn of underground nuclear explosions and 

earthquakes, recorded by short-period seismographs, can be made only 

in the range of periods from 0.2 to 2.5 sec, even though spectra have 

been obtained in a range of frequencies from,one hundredth to 10 sec. 

The fact is that in the above-mentioned case, the spectrum in 

the range of periods greater than 2.5-3 sec is very distorted by the 

short-period equipment, while in the range of shorter periods (T < 0.2 

sec), substantial errors are introduced when converting the recordings 

into numerical data. Therefore, the introduction of the corresponding 

correction beyond the bounds of the above-mentioned range of periods 

may lead to significant mistakes. 

When records obtained from type SK and type SKD seismographs aro 

used, the boundaries within which the quantitative characteristics 



of the spectra can be studied are expanded considerably into the 

region of larger values of T (up to 40 - 60 sec). 

Below we shall examine some quantitative characteristics of the 

amplitude spectra which are used in this work. Examples are given of 

their determination for body waves ?n and P of nuclear explosions and 

of earthquakes. The spectra of surface waves are examined in Chapter 

VI. 

S 3« Quantitative Comparisons of Differences in 

Spectra of Waves of Explosions and Those of Earthquakes 

In comparing the spectra of different waves, or the spectra of 

the same waves, caused by explosions and by earthquakes, in some cases 

it is advisable to give a quantitative characterization of the wave 

spectra in a definite range of periods. 

In this, work, the following quantitative characteristics of 

spectra are examined: 1) the periods Tg^ of the maxima of the spectra; 

2) the boundary frequencies Tleft and Trlght, i.e., the absolute width 

of the spectra ATsp, determined on the level of 0.5 from the amplitude 

of the maximum of the spectrum; 3) the steepness of the drop of the 

amplitude on the slopes of the spectra Yleft and Yright; *0 the 

relationships of the spectral components — the spectral coefficients. 

Determining the dominant oscillation periods in the waves by the 

period of their spectra maximum. In several works [4, 14, 55, 56, 64, 

80, 90, 99, etc.] and in chapters II - VI of this work, a comparative 

study of the periods of body and surface waves, recorded during explo¬ 

sions and earthquakes, has been carried out. The periods were measured 

directly by seismograms. In these works, the periods T. of the 
dom 

oscillations with the maximum amplitudes in the given wave (hereafter 

called the dominant periods) were measured for thousands of records of 

earthquakes and hundreds of records of explosions. The maximum periods 

^max on the records were also measured. 
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instance, by converting them into numerical data — and then to carry 

out the subsequent calculations on electronic computers. 

In [51] it was shown that che divergence between T and T__ for a sp 
single-period sinusoidal pulse amounts to 15JÍJ for a pulse consisting 

of two periods, it amounts to 4Ï. Per one consisting of three, it 

amounts to only O.ljt. Therefore, for records of dilatational and 

transverse waves of an explosion, the pulses of which usually consist 

of two or more oscillations, the values of the dominant periods measured 

by the seismograms ought to coincide in practice with the periods 

of the spectra maxima. The estimation, made in work [51]» of the 

divergences between Tdom and Tgp were verified experimentally using 

records of quasi-sinusoidal oscillations with frequencies on the order 

of 100 hertz, which are the oscillatione usually recorded in seismic 

prospecting. 

It was interesting to carry out an analogous comparison for the 

records of waves recorded during underground nuclear explosions and 

during earthquakes. For this purpose, more than 200 records of P waves 

of explosions and about 100 records of P waves of earthquakes were 

subjected to analysis. 

Table 8 gives the values of the mean relative errors in deter¬ 

mining the values of (Tdom - TSp)/Tsp in percent for a number of under¬ 

ground nuclear explosions, as well as the values of the standard 

deviations. The same table also shows the range of epicentral distances 

and the number of stations where the spectra of P waves were determined 

at each explosion. 

As is obvious from the data given in Table 8, the standard 

deviations for determining the periods in the P waves recorded during 

underground nuclear explosions did not exceed 555; this value was some¬ 

what greater for earthquakes. In this manner, in a mass deter¬ 

mination of wave periods in seismograms, one can with equal 

Justification make use of direct measurements of the dominant periods 
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TABLE 8. VALUES OP RELATIVE ERROR IN DETERMINING DOMINANT 

PERIODS OP P WAVES PROM MEASUREMENTS ON SEISMOGRAMS OF Tdom 

AND FROM THE MAXIMUM OP THE SPECTRUM Ts FOR UNDERGROUND ^ 

EXPLOSIONS 

Region and 
conditions 
of the 
explosion 

m Range 
of A, 
km 

Type of 
seismo¬ 
graphs 

Number 
of 

stations 

Mean 
relative 
error 
f. - T 
dom so . 

Standard 
deviation 

X 
T 

_ *P % 
Nevada, tuff 

Continent 

Sahara 

Nevada 

5.2 

5.3 

5.4 

6.3 

200-4000 

1400-4400 

2400-6600 

6500-9800 

Benioff 

USF, SKM 

Î» 

tf 

15 

18 

15 

10 

15 

I10 

+12 

+8 

1.6 

3.8 

4.7 

3.0 

TABLE 9. VALUES OP PERIODS T OF MAXIMA AND OF BOUNDARY 
sp 

PERIODS Tleft, Trlght AT A LEVEL OP 0.5 OF Amax, DETER¬ 

MINED BY THE SPECTRA OF Pn AND P WAVES OF UNDERGROUND 

NUCLEAR EXPLOSIONS 

Type 

of 

wave 

Range 

of A, 

km 

m Short-period seismographs Wide-band seismographs SK 

T ,sec 
sp’ 1 rieft’MC| Trlght-scc 

T ,sec 
sp' Tle(t-sec Tright**ec 

P 
n 

P 

200-800 

1100-10100 

5.2- 5.5 

5.2- 6.3 

0.58+0 J.0 

1.2C+0.20 

0.35+0.10 

0.70+0.17 

1.2+0.10 

1.6+0.15 

0.60 

2.2j0.1f 

0.30 

1.3+0.3 

1.3 

2.6+0.10 

in the seismograms, as well as determination of the periods by the 

maximum of the amplitude spectrum for the given wave train. 

Determining the width of the spectra. Table 9 gives the values 

of the width of the spectrum AT = Tdom - Tleft for Pn and P waves 

recorded during underground explosions by means of short-period and 

wide-band seismographs (see Figure 7a, b). The maxima of the spectra 

of ?n waves (beginning with an epicentral distance from 200 to 800 km) 
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during underground explosions with a value of m < 6.0 fall in periods 

of approximately 0.6 + 0.10 sec. However, in a number of cases still 

another extreme at a period of about one second is observed. This 

extreme is evidently attributable to the superposition of “oscllÜÛons 

of later phases which pertain to different waves. The maxima in the 

spectra of P waves at eplcentral distances of 1,100 - i|,000 km occur 

in the records of short-period seismographs at periods of approximately 

1.0 - 1.6 sec. Subsequently, at greater eplcentral iistances they 

shift into the region of somewhat larger periods, on the order of 

1.2 - 2.0 sec. The periods Tleft and Tdo|]i for Pn waves fluctuate from 

•3 - 0.4 sec to 1.1 - 2.2 sec, and for P waves from 0.9 - 1.2 to 
1.8 - 2.8 sec. 

In records of wide-band seismographs, the periods T , T and 

Tdom are somewhat greater than In records of short-perlo^sels^ographs. 

The data given above (see Figure 7 and Table 9) indicate that 

during, underground explosions, Tsp, Tleft, and Tdom in the spectra of 

the Pn and P waves change very little when A increases in 

the entire region where they are present and where they are being 
tracked. 

Determining the steepness of the decrease in the spectra slopes. 

To a certain degree, the steepness of the spectra slopes at a level 

from 0.5 to their maximum amplitude is determined by the width of 

the spectral band. However, in this case the steepness of the spectra 

slopes Is undetermined beyond the bounds of the spectrum width. At 

the same time, it may be necessary to know the above mentioned 

characteristics of the spectrum — for instance, when selecting the 

filtration and in a number of other cases. 

The steepness of the spectrum slopes in any of its sections, in 

practical calculations, may be approximately characterized by expon¬ 

ent y in the following expression: 
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where Am and are the amplitude components of the spectrum, and 

I'm and are the periods corresponding to them at two points of the 

section of the slope of the spectrum being studied. One of the com¬ 

ponents, A^, is located near the maximum of the spectrum, and the 

other, Aj^, ia located on the slope of the spectrum. 

An analogous characteristic of the spectrum was applied in [333] 

for spectra of dilatational and transverse waves of underground nuclear 

explosions carried out in Nevada in alluvium on December 3, 196I and 

January 18, 1962. The dilatational and transverse waves were recorded 

at the Tinemakh station (a = 185 km) by short-period Benioff seismo¬ 
graphs . 

The values of y were calculated at a section of the spectrum from 
its maximum from periods of one second to 0.5 sec. During this, correc¬ 

tions were not introduced into the spectra for the irregularity of 

the amplification of the equipment. It was established that the amp¬ 

litude of the components of the spectrum of the dilatational and 

transverse waves, recorded at a distance of A = ISO km in the range of 

periods from one to 0.5 sec, falls off proportionally to the square 

of the period. 

In this work, the values of Y, both for the left slope Yleft and 

for the right slope Yrlght of the spectrum, were calculated for P 

and P waves of underground nuclear explosions, including those carried 

out in Nevada. 

Table 10 gives the values of exponents and ^ in 

formula (7) for the spectra of Pn and P waves. Since the periods of 

uhe maxima of the spectra of Pn and P waves, recorded during the given 

underground nuclear explosion within the range of the entire region 

where these waves are present, undergo very few changes as the value 

of A increases, it is possible to average the entire aggregate of data 

concerning and Yr^g^t obtained in a specific range of epicen- 

tral distances. 
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TABLE 10. MEAN VALUES OP EXPONENT y IN FORMULA (7), DETER¬ 

MINED PROM THE SPECTRA OP UNDERGROUND NUCLEAR EXPLOSIONS 

CARRIED OUT IN VOLCANIC TUFFS (BY A NETWORK OP STATIONS) AND 

IN CRYSTALLINE ROCKS 

Power 

of the 

explosion 

5-19 kt 

m-5.0-5.2 

Sep 13, 

1963 

(200 kt) 

10^6.2 

Range of 

eplcentral 

distances, 

km 

200-700 

1010-4000 

6890-10080 

6500-9900 

Type of 

seismo¬ 

graph 

and pass- 

band of 

channel, 

sec 

SVKM, 

Benloff, 

0.1-0.7 

SVKM, 

0.1-2.5 

SVK, 

0.2-10 
SVKM, 

0.1-2.5 

<u 
a 

from 0.2 to 
left , . 

1 sec) 

0) 
£ 4j « 

a 
U *H 
3¾ 
O i-t 
O M 
U 

• (O' 
a) 
o 
(0 
M 

a at 
•H js 

u 
w 
c •H O 

c 
at <u 
« 3 
T 

*j at 
o n 
SS <u 

• 
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at *4 
XI « u a 

•H 
U M 

92 
o o 
o at 
U M 
at at 

JS o u 
*J 
tí >> •H O 

a 
oo at 
a 3 

•H O' 
X at 
«3 >4 
H 

Yright<: 1 
to 

at 

w • 
o 

4J <H 
9 « 
O tI 
U h 
o at 
at w 
o 

O « « M 
a at 

oo 
5 S? 
11 

or 
u at 
5 u 2 44 

Ü 
« 44 
43 *J 

I| 
8 a 

8 ä 
o ’S 
a 

■h y 

gl 
t4 cr 

a 
at M 
H 44 

1.53+0.16 

1.8340.10 

2.2+0.16 

2.5340.10 

19 

22 

1.340.23 

1.1640.12 

-1.040.23 

-1.1440.12 

2.1640.1 

2.28+0.15 

7 

13 

-1.0+0.1 

-1.2140.17 

6 

13 

7 

13 

Table 10 gives the mean values of Yleft and Yrlght of underground 

nuclear explosions carried out in Nevada, both those which have been 

corrected and those which have not been corrected for the irregular 

amplification of the equipment. For the Pn waves, the values were cal¬ 

culated in a range of periods from 0.2 to 1.0 sec, and y ^ in a 
right 

range from one to two sec. 

As is obvious from the data given in Table 10, the amplitude of 

the components of the spectrum of P waves recorded at eplcentral 
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distances from 1,100 to 10,080 km in the range of periods from one 

to two sec, drops off proportionally to the period at a rate of 

-1.1+0.12, and in the range of periods from one to 0.2 sec, propor¬ 

tional to the period at a rate on the order of 2.4+0.10. 

Somewhat smaller values of Yleft and Yrlght — 1.8+0.10 and 

1.0+0.1, respectively — were obtained for the P waves recorded at a 

more powerful explosion (Q = 200 kt) on September 13, 1963 on wide¬ 

band type SVK equipment with a regular amplification in the range of 

periods from 0.2 to 10 sec. Ón the other hand, this can be attributed 

to the fact that the spectra of waves recorded by wide-band seismographs 

of type SK were used in determining Yleft and Yright during the explo¬ 

sion of September 13, 1963, and also to the fact that this particular 

explosion was considerably more powerful than the other explosions. 

For Pn waves recorded in the range from 200 to 700 km, the values 

were Yleft = 2.2+0.16 and Yrlght = -1.3+0.23. That is, they were 

practically the same as the corresponding values for the P waves. 

Steepness of the decrease in the spectra slopes for P waves of 

earthquakes. Analogous calculations of Yleft and Yrlght were also 

carried out for the P waves of more than 100 earthquakes recorded at 

USSR seismic stations at distances of a > 1,200 to 10,000 km by SKM 

and SK seismographs. The M magnitude for most of the earthquakes 

amounts to 5.5 to 6.5. 

The steepness of only the left slope was basically studied for 

P waves recorded on wide-band SK seismographs. These waves differ 

sharply in the nature of their records from the same waves occurring 

during underground and underwater nuclear explosions (considerably 

greater periods of oscillations, greater duration of train). At this 

time, the periods of the maxima of the spectra, according to which the 

values of Ylei.t were determined, differed somewhat for different 

earthquakes . 



As a result of studies of more than 100 spectra of P waves from distant 

earthquakes, it was established that the value of Yleft in the range 

of T from 0.5 to 5-6 sec falls within the range of 2.2 to 2.5. In 

order to determine v . . . in the spectra of waves from earthquakes, 
rignt 

it is necessary to use records of long-period seismographs of type 

SVKD and others. 

Both y, -«..and y ,. w.. werq studied for P waves of earthquakes 
left Tight, 

recorded by type SKM seismographs. These waves are similar in the 

shape of their oscillations to P waves of underground and underwater 

nuclear explosions, recorded on the same seismographs. Their values 

are shown in Table 11. 

As is clear from the data given in Table 11, for P waves of 

distant earthquakes, the value of is approximately 2.5 in the 

range of periods from 0.5 sec to Tmax (approximately 2 - 2.5 sec), and 

the value of Yrlght is -1.5 - 1.6 in the range from Tmax to T » 4 sec. 

Thus, the steepness of the spectra of P waves from distant earth¬ 

quakes, recorded with type SKM seismographs with a narrow passband, 

does not differ significantly from the steepness of the slopes of the 

spectra of the corresponding waves from distant underground and under¬ 

water nuclear explosions. 

Spectral coefficients. The differences in spectra of the same 

waves from explosions and from earthquakes can be characterized by the 

magnitude of the ratio between the amplitudes of the spectral com¬ 

ponents of different periods and the amplitude of the spectral com¬ 

ponent with the given period. This ratio corresponds with the 

following expression: 

K im 
.„JlililL. 
g lí(fm)l 

Here T is the constant value of the period, and T. may be different 
m 

Ordinarily the values of Tm are selected close to the region of the 
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I maximum of the spectrum, and those of T1 are selected in the interval 

from the maximum to the limiting values of the periods of the spectrum. 

Hereafter we shall call the values of K^m the "spectral coefficients." 

jIt is convenient to make use of the spectral coefficients when compar- 

,ing the FSSS-spectra of the same waves recorded during explosions and 

during earthquakes. In cases when only the discrete values of the 

spectral components are determined, it is convenient to use the rela¬ 

tionship in (8) also when comparing the spectra calculated on elec¬ 

tronic computers. 
. . « • ... • . .... 

As an example of comparing the FSSS-spectra of the dilatational 

waves of underground nuclear explosions and of earthquakes, recorded 

at the same station. Table 12 gives the values of eight of their 

spectral coefficients. Here, Tm = 1.6 sec is the period of the maxi¬ 

mum of the frequency spectrum of the underground nuclear explosion, 

and = 0.2; 0.3i 0.5; 1.6; 2.0; 2.5; ^.0; and 5«^ sec. 

As is obvious from Table 12, the spectral coefficients of the P 

waves for explosions in the Nevada region are different from the 

corresponding mean values for 102 earthquakes, the foci of which were 

located in various regions of the world. They also differ from the 

spectral coefficients of near (A = 40 - 60 km) industrial explosions. 

Special study was devoted to the possibility of dividing, by their 

spectral coefficients, the P waves of underground and underwater 

nuclear explosions and those of distant earthquakes with m £ 5 - 5.5, 

recorded by SKM seismographs with a narrow passband. The records of 

waves in these cases were similar to each other in the shape of their 

trains, and did not differ in their period of oscillations. 

It is obvious from the analysis of their spectral coefficients 

that in this case a certain difference in the values of KJ . on the 
im * 

order of about 0.5 of the logarithmic unit in the periods of T^ > 2 sec 

is observed, while the root-mean-square deviation of the unit value 

from the mean value for the explosions and earthquakes amounted to 

0 = 0.15. 
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When recording the P waves of explosions and earthquakes on 

equipment with wider bands than the SKM equipment, the values of 

can be determined for greater periods than is possible in SKM instru¬ 

ments. In such cases, the values of for earthquakes would be 

determined quite reliably at >> 5 sec, and it would be possible to 

use them for distinguishing between the records of explosions and 

those of earthquakes. 

' '§ V. Determining the Absorption‘Coefficient of 

Dilatational Seismic Waves P and P and Their -—n - 
Frequency Dependence 

Thus far the absorption coefficients of dilatational seismic 

waves Pn and P, propagated in the Earth's mantle, have in most cases 

been estimated from an analysis of changes in the amplitudes of the 

maximum oscillations in the given waves with changes of the eplcentral 

distance [185, 227j. This method in its contemporary form does not 

permit us to study with sufficient accuracy the dependence of the 

absorption coefficient on frequency. In [105] an attempt was made 

to estimate the absorption amplitude coefficients and their dependence 

on frequency. This attempt used methods based on a study of the 

changes in the amplitude spectra of the Pn and P waves recorded during 

underground nuclear explosions which occur as the eplcentral distance 

A changes. The solution of these questions is ,of general geophysical 

and applied significance — for instance, when assessing the possibility 

of recording the short-period components of the Pn and P waves caused 

by underground nuclear explosions. 

The following assumptions were taken for granted in the 

calculations : 

1 - Attenuation of the Pn and P waves due to the absorp- 
/•y T 

tion phenomenon is described by the factor e where a is the 

absorption amplitude coefficient, depending on the frequency f, and L 

is the distance along the seismic ray. 
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2 - The characteristics for which the seismograph is adjusted 

(the soil and the structure of the Earth's crust at all points of 

detection at different A) are assumed to be identical, and changes of 

the oscillation amplitudes in the Pn and P waves due to the heterogen¬ 

eous structure of the upper mantle and crust are considered not to be 

dependent on the frequency. 

3 - Absorption in the lower mantle can be characterized by a 

certain approximate, mean-value of. the absorption coeffic-i-ent a. - -This • 

mean value does not depend on the depth. In actual fact, a is a 

function of the depth. However, it is not possible in this work to 

establish the character of this dependence due to the limited experi¬ 

mental data. 

Under the above-mentioned assumptions, the absorption coefficient 

of the waves and its dependence on frequency may be determined accord¬ 

ing to the changes in wave spectra accompanying changes of the epi- 

central distance by the method described in [18]. This same method 

is applicable for determining the absorption boundary coefficient and 

its dependence on frequency in Pn waves. 

Data used. In calculating the amplitude spectra of the Pn and P 

waves, use was made of seismic records of underground nuclear explo¬ 

sions with a power from 5 to 200 kt, carried out in the USA in Nevada, 

and in other areas. Only records of Pn and P waves obtained by means 

of vertical seismographs were used. The records of the P waves were 
n 

obtained only by means of a single profile. For this reason, in this 

work the assumption was made that the horizontal Mohorovicic discon¬ 

tinuity occurs along the line of observations. 

Determining o and a . The ratios of the amplitudes of the 
*n P 

spectral components Atf^/A^) were determined according to the 

amplitude spectra of the P^ waves, observed during explosions witrln 

the range of A * 200 - 7^0 km carried out under identical conditions, 

and also according to the spectra of the P waves observed in the range 
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vllueV’!6! h I’50“ POr e*Pl0?l0ns of to 40 kt. the 

a valued o «T 7 ^ eXpl0slons wlth apowe.of 200 kt, 
alue of 0.62 hertz was adopted. The following values of f4 were 

“ he3;,3;.2-5* l*w* ’•** o.5o.v:;: 

The angular coefficients of the lines approximating these 

per mental relationships were determined according to the depen- 
dence of ln[A(f WA(f n r,« t / -, 6 aepen 
13 and 141 in th ” h 1 ] L (examples of them are shown In Figures 
method'. ■ - --- •e'"e~t-1.ane.d rangcs of .4.iiy.,he..Jeast.-square. 

ln thlh:arr 00em°lents of these represent the differences 
the absorption coefficients 4aPn and 4ap for the two frequencies 

fk a"d fr Thelr values are shown In Figure 13 and 14 by small 

C r The Values 0f 4“Pn and A“P- 1" ‘heir turn, were approximated 

H2VT T,T meth0d by meanS °f Unes (the m 
, ^ „J 16>î the angular »«efficients of these lines charac- 

ZToTl enCe 0t the dlfferenoa ln tha absorption coefficients 
copffi , Pequency- The dependence on frequency of the absorption 
coefficients themselves o^ff) and ap(f) was obtained by transposing 

;rhUr 40,(f> t0 the 000rdlnate origin (shown In Figures 15 and 

of s t. UneS>‘ 1,116 dependencä °f â“ °n f for the explosion 
f September 13, I963, is shown in Figure 17. • 

The equations of the approximating lines have the following 

c aracteristlcs: for Pn waves of explosions a -(1.9+0.12)-10-3 
. , _1 n 
f km ; for P waves aTl = (2.8+0 P?'» y t r , -1 

X 10 f km ■L; and for the 
explosion of September 13,1963, ap = 1.84-10^ f km"1. 

Here the root-mean-square deviations of the coefficients a are 
given by the + sign. 
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MOO /., km Figure 14. Relationship of the 
ratio ln[A(fQ ] to L 

Figure 13. Relationship of the 
ratio ln[A(f0 62 J/Aif^] to L 

in the spectra of P waves of 
an underground explosion. The 
inclinations of the lines, 
approximating the observed 
values, characterize the 
differences of the absorption 
coefficients at frequencies 
of f = 0.62 hertz and f. 

in the spectra of P waves of 
n 

an underground explosion. 

i* 

Discussion of the results. 

Figurée 18 shows the values of 

the absorption coefficients 

a. -p and ap found in this work 

bynspectral methods. This same 

figure contains the absorption coefficients of dilatational waves for 

various crystalline and metamorphic rocks occuring in the Earth’s 

crust. These values were determined by amplitude methods in the range 

of frequencies from 1 to 50-60 hertz. The data were obtained from [18], 

As is clear from Figure 18, line I in a wide range of frequencies, 

from 0.1 to 5O-6O hertz, approximates well enough the corresponding 

experimental values of the absorption coefficients in the rocks of the 

Earth’s crust and of the upper mantle. Line II proceeds parallel to 
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Figure 15. Frequency-dependence 
of the difference in the absorp¬ 
tion coefficients Aap and 

n 
the absorption coefficients aD 

waves of underground n 

explosions. 1 - experimental 
relationships of Aap ; 2 - 

n 
experimental relationships of 
ap J 3 - boundaries of aD 

" Pn 
values determined from the 
amplitude curves in work [100]. 

Mf* 

Ilf* 
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Figure 17. Frequency-dependence 
of absorption coefficient otp of 

P waves recorded in a range of 
A from 2,7^5 to 9»500 km, during 
a powerful underground explosion 
in Nevada. The experimental 
values of u are indicated by 
dots. r 
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Figure 16. Frequency-dependence 
of the difference in the absorp¬ 
tion coefficients Aotp and the 

absorption coefficients ap of P 

waves recorded in the range of 
A from 1,970 to 10,080 km during 
an underground explosion 1 - 
experimental relationships of 
Aap; 2 - experimental values of 

otp; 3 - boundaries of Tp values, 

for which ap = 6-10“5 km“1, 

according to data in [Í15] 

• 

I, but approximately one order of 

magnitude below it. This is 

connected with the smaller values 

of the absorption coefficients in 

the lower mantle. 

Thus, the dependence of the 

experimental values of ap and 

otp on frequency — found both by 

studying the changes in the ratios 

of the spectral components in 

the spectra of the Pn and P waves 
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Figure 18. Consolidated data 
concerning the frequency- 
dependence of the absorption 
coefficients of dilatational 
wayes propagated: I. in the 
Earth's crust and the upper 
mantle; II. in the lower man- 
tie. Experimental data are 
plotted: 1. according to 
the author's data; 2. 
according to [100]; 3 
according to [84]; 4. accor- 

tonf45]. 6]; 5< accordi^ 

Q »*/*, where 9 is the absorption 

accompanying changes in the epi|central 

distance, and also by amplitude 

methods — can, in a definite range 

of periods, more or less approxi¬ 

mate the above-mentioned linear 

relationships. 

The fourth column in Table 13 

gives the absorption decrement 9 

foi-nd in this-work by spectral methods 

while the sixth column gives its 

values determined according to the 

decrease in amplitudes, together 

with the epicentral distance. The 

latter values were taken from the 

data in works [45, 100, 132]. The 

records used in [100] for determin¬ 

ing 9 for explosions were the same 

as those used in this work. The 

fifth and seventh columns give the 

corresponding values of. the Q-factor, 
decrement. 

> ! 

It is obvious from a comparison nf a rn*, «-u n 

by various methods from records obtained on ßlngL-?ypeaVeeqSülpmentnlnetl 

r::r eaoh other -—:r:;\he aiu-s of Q are also correspondingly cIosp s-t. 
In works [243 244 7 ciose to each other, 

i 0, ¿4*4, 32b] smaller values of a « 

zti7z:::¿sV::x.. 

- :-r:r -h 

»-U iayer of the mantie ciose to its upplr^ndlry 
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TABLE 13. VALUES OF PARAMETERS OF ABSORPTION « AND 

Q FOR ROCKS IN THE EARTH'S CRUST AND IN THE UPPER 
AND LOWER MANTLE, DETERMINED BY SPECTRAL AND AMPLI¬ 

TUDE METHODS. 

Regions of 

the Earth 

Earth's 

crust 

Upper mantle 

(at M 

boundary) 

Upper mantle to 

depths of about 

600 km 

Lower mantle to 

depths of about 

2,700 km 

For depth 

intervals of 

1,450-2,870 km 

To a depth of 

2,900 km 

Type 

of 

wave 

Period, 

sec 

P 
P 
P* 
s* 
Pn 
P» 
Pm 

•SeS 
P 

P 
P 
P 
P 

SeS 

0.3 
0.1-1.0 
0,5-0,8 
1.5-1.8 

0.3 
0,8-0,8 
0,3-3.0 

25 
8-12 

1.0 
2.0 
4.0 

12,0 

1.6 

Values of the 

decrements 

obtained in 

this work_ 

25 

0,015 
0,015 
0,015 

0.0029 
0.0029 
0,0029 
0,0029 

0.0022 

210 
210 
210 

1100 
1,100 
1100 
1100 

1650 

Values of the 

decrements 

determined by 

other means_ 

0,010 
0,017 

0,11 . 
0,012- 0,014 

0,0055 
0,012 

0,017-0,02 
0,012 

0,0013 
0,0023 
0,0080 

0,0022 

200 
185 
286 

260-224 

570 
260 

185-151 
260 

2600 
1300 
400 

1430 

Literature 

1327] 
1132] 

199] 
|99] 

|304] 
{99, 100] 

(139, 140] 
184.151] 

{45, 227] 
(45, 227] 
[45. 227] 

1139] 

When examining the absorption coefficients 'and decrements 0 

of the P waves propagated in various regions of the mantle, one must 

keep in mind the following circumstances. As the velocities undergo 

changes in the mantle together with increasing depth, the P waves, 

with the increase of û, proceed through successively deeper and deeper 

parts of the mantle. Thus, for example, when observing P waves at 

an epicentral distance of 20°, the wave attains depths of about 350 

km. That is, the path of the wave proceeds entirely within the upper 

mantle, in which the mean velocity of the P waves amounts to about 

8.5 km/sec. At A = 90° the P wave penetrates to depths of about 2,700 

km, and the mean velocity along its path amounts to about 10.5 km/sec. 
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The absorbing properties in the mantle, as follows from the data in 

Table 13, decrease with increase in depth — that is, with the increase 

in velocity. This is indicated, among other things, by the different 

values of the coefficients and decrements of absorption for the Pn, 

Pa, and P waves, and also by the differences in Q when it is deter¬ 

mined according to observations only in the range of L from 6,841 to 

9,500 km. Therefore, the values found in this work of the absorption 

coefficients for the P waves , ought .to be regarded, as somewhat, approxi¬ 

mate, average values. In order to estimate the absorption coefficients 

in definite ranges of depths of the mantle, it is necessary to use 

simultaneously the spectra of waves of various types: P, PP, PcP, 

PKP, and others. 

CONCLUSIONS 

1. The method of calculating, on digital electronic computers, 

the amplitude spectra of seismic waves caused by explosions and earth¬ 

quakes was tested on an immense amount of material. 

2. It was shown that the error in calculating the spectra in 

this case, when the records were converted into numerical data at 

different times and by means of different computers, does not exceed 

+5*. 

3. It was established that, when the spectra are calculated on 

electronic computers, it is necessary to print out about 40 - 50 

values of the amplitude for one hertz. 

4. If the spectra are plotted immediately from the data 

supplied by the computer, they may be broken up by numerous supple¬ 

mentary extremes, evidently as a result of the interference character 

of the record, of mistakes when converting the records into numerical 

data, and for a number of other causes. This makes it difficult to 

analyze the data and to carry out quantitative calculations. It is 

also difficult to compare the spectra both of the same waves observed 
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at different epicentral distances and those of different waves, 

observed at a definite epicentral distance. 

5. To eliminate this brokenness of the spectra, methods of 

smoothing them out were proposed, by averaging out 9, 5, and 3 suc¬ 

cessive values of amplitudes without overlapping, and at 9 and 5 

points with overlapping. 

The most satisfactory method of averaging the broken-up spectra 

is that of averaging five successive points with overlapping. 

6. In order to compare the spectra of waves recorded by a 

single type of equipment, it is possible to use spectra which have 

not been corrected for irregular magnification of the receiving 

channel. 

In order to compare the spectra of waves recorded on equipment 

with different characteristics, it is necessary either to reduce them 

to uniform characteristics, or to reduce them to the characteristics 

of a single type of equipment. However, if an attempt is made to 

introduce corrections for irregular frequency characteristics of the 

equipment far beyond the range of its passband, this may lead to 

considerable errors in determining the spectra. 

0 

7. It was shown that spectra obtained on FSSS equipment were 

practically identical with those calculated on electronic computers 

(within the range of the spectrum width). 

8. When comparing the spectra of waves, when selecting the 

passband of the equipment, and in a number of other cases, it is 

advisable to use the basic parameters characterizing the spectrum: 

the period of the spectrum maximum, the steepness of the drop of its 

slopes, and the relationship of the spectra of separate waves or of 

the entire recording. 
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In a number of cases it is advisable also to characterize the 

spectrum by boundary frequencies taken on a level of 0.5 from the 

amplitude of the spectrum maximum, and also by the spectral coeffi¬ 

cients. 

9. From comparisons of the dominant periods Tdom of quasi- 

sinusoidal oscillations in the P waves recorded during underground 

nuclear explosions, and of the corresponding periods T of the amp¬ 

litude spectra maxima of these waves, it was established that the 

values of Tdom and Tgp were identical, within an accuracy of measure¬ 

ment errors amounting to about +10$. When determining mass numbers 

of periods in body P waves and in other types of waves, one may with 

equal justification use either the method of measuring the dominant 

periods on the seismogram, or that of determining the periods of the 

amplitude spectrum maximum of the train for P waves, P waves, or other 

waves. 

10. It was shown that it is possible to determine, from the 

spectra of the Pn and P waves, the absorption coefficients a and 

their dependence on frequency in the Earth's mantle. The dependence 

relationships were shown for Pn waves as o = 1.9-10-^ f km"1, and 

for P waves as ap = 2.8^10-^ f km -1. n 

11. A brief examination of the tasks to be solved by analyzing 

the spectra of seismic waves confirms the fact that it is possible to 

obtain quantitative information about the character of seismic oscil¬ 

lations from a study of the spectra. This Indicates that the methods 

of spectral analysis must be used in elaborating and providing a 

basis for the seismic method of detecting and identifying nuclear 

explosions. 
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50. See also: M.A. Gostev. Chastotno- 
vremennoy analiz seysmicheskikh 
kolebaniy apparaturoy CHISS (Time- 
and-frequency analysis of seismic 
oscillations by FSSS equipment). 
Candidates dissertation. IPE, USSR 
Academy of Sciences, I965. 
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CHAPTER III 

METHODS USED IN RECORDING NUCLEAR 

EXPLOSIONS TO INCREASE THE EFFECTIVE 

SENSITIVITY OF SEISMIC EQUIPMENT 

Microseismic oscillations are always present in seismograms 

to one degree or another. They have an extremely wide spectrum, 

from hundredths of a second to tens or hundreds of seconds. However, 

their intensities are unevenly distributed in the spectrum. Depend¬ 

ing on their period and intensity, microseisms usually are classified 

provisionally into three groups: (1) microseisms of the first order 

with periods on the order of 2-3 to 6-10 sec (in a number of works 

[26-30, 264 etc.] they are also called 4 - 6-second microseisms); 

(2) microseisms of the second order or long-period microseisms with 

T > 12 - 15 sec; (3) short-period microseisms with periods from 

hundredths of one second to 2 - 3 seconds. 

In most cases, the sources of excitation of these types of 

microseisms are different. Specifically, microseisms of the first 

order are attributed to cyclonic activity over water areas. Micro¬ 

seisms of the second order and short-period ones can be caused by 

meteorological factors over continents and in the immediate area of 



the detecting station, activity of industrial plants, and other 

factors. 

Microseisms make it difficult, and in some cases impossible, to 

distinguish against their background useful seismic signals of low 

intensities, such as those of body waves with amplitudes of several 

millimicrons and surface waves with amplitudes of several tens of 

millimicrons, caused by explosions and earthquakes. The presence of 

microseisms complicates the application of criteria for distinguish¬ 

ing seismic phenomena. 

The above-mentioned difficulties will remain even when wide-band 

magnetic recording is applied. The task is particularly complicated 

when the periods of the signal are close to those of the interference. 

Therefore, both in oscillographic and in magnetic recording efforts 

must be made in the very process of recording to lower the inter¬ 

ference level and to raise the ratio of the amplitude of the useful 

signal to the amplitude of the interference — that is, to raise the 

effective sensitivity of the receiving equipment. This can usually 

be accomplished successfully, primarily by selecting the most 

favorable conditions for installing the seismographs, both in the 

sense of a low level of microseisms, and in the sense of the maximum 

amplitude of the useful signal. 

The following measures which guarantee further suppression of 

interference amount to the application of instruments, or the 

combination of instruments with a methodical procedure: frequency 

selection, that is, filtration of oscillations, selection based on 

the direction of arrival of the oscillations by means of grouping, 

application of correlative and statistical methods of suppressing 

interference and of separating out the useful signal against the 

interference background, and a number of other methods. 

If one is to select correctly the most favorable conditions for 

installing seismographs and for applying the appropriate means of 
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suppressing Interference, It Is necessary to know the spectral 

composition of the useful signal and of the Interference, and also 

he relationship of the spectrum and the Intensity of the Interfer¬ 

ence with such factors as the character of the geological structure 

in the area of the station, the soil conditions at the point of 

detection, the geographical situation of the area, particularly how ' 

close It is to oceans. Inland seas, and lakes, to Industrial centers, 

to roads with heavy traffic, and other factors. 

Many works have been devoted to the study of microseisms [26-30, 

2, 127, 157, 159, yol, 336 etc.]. However, In most cases, the 

mieroselsms were studied In regions where they had a considerable 

ntensity. In fact, the mieroselsms which were studied were pre¬ 

dominantly of the first order. Short-period mieroselsms have been 

studied only to a limited extent. Long-period mieroselsms with 

periods greater than 12 - 15 seconds have hardly been studied. 

At the same time, periods of about 1 second and periods higher 

than 12 - 15 seconds are of the greatest Interest In recording, 

respectively, dllatatlonal waves of underground and underwater’ 

explosions, and surface waves for all types of explosions. 

For purposes of detection and Identification, the stations are 

located in regions with the minimum Interference level (see 15 of 

this chapter). Unfortunately, mieroselsms Have been studied 

incompletely for such regions, mainly because It Is necessary to 

record them on special, highly sensitive equipment with a magnifica¬ 

tion from several tens of thousands - when recording mieroselsms of 

the first order — to several tens of millions when recording short- 

period mieroselsms. Let us recall that the magnification of wlde-band 

and long-period equipment In the stations of the USSR usually does 

not exceed 1,000, and that of short-period equipment does not 

exceed 30 - 100 thousand (see Chapter II). 

As attempts were being made for increasing the effective sen: 

tivlty of the equipment for recording seismic waves caused by 
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explosions, it became necessary to initiate supplementary research 

about microseisms. The purpose of this research was to study more 

thoroughly their spectral composition in a broad range of periods, 

from hundredths of one second to tens of seconds, and also thestatis¬ 

tical characteristics of the spatial structure of the field of micro¬ 

seisms, including the energy characteristics of the process as a whole. 

Below information is given on the spectral composition of 

interference and its level in the stations of the USSR. These 

stations are arbitrarily classified as quiet, medium, and noisy 

stations (see §2 of this chapter). The interference spectra are 

compared with the spectra of useful signals, and recommendations 

are given about selecting the most favorable station locations and 

the methods of installing seismographs. The measures for suppressing 

interference by instrumental and methodical means are also briefly 
examined. 

The above-mentioned tasks are examined from the point of view 

of optimum recording of useful signals — that is, of obtaining the 

greatest ratio of the signal amplitude to the interference amplitude. 

The recommendations outlined below about interference suppression are 

applicable also in recording seismic waves caused by earthquakes. 

The experimental data about the spectral composition and the 

spatial structure of the field of microseisms were obtained from 

numerous observations carried out in different regions of the USSR 

in the period from 1954 to 1967 [25-30, 101 etc.]. 

I-.1-_General Characteristics of Microseisms 

In the following, we briefly examine questions connected with 

the spectral composition and the intensity of microseisms in a broad 

range of periods, from hundredths of one second to several tens of 

seconds. Their intensity depends on the seismogeological structure 

of the area of detection and its geographical position. The statisti¬ 

cal characteristics of the process are given for short-period micro¬ 

seisms and microseisms of the first order. 
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Mlçroselsms of the tirât prier. Microseisms of the first order 

constitute the basic interference in recording seismic oscillations 

on wide-hand equipment, for instance that of type SK, SKD, etc 

B. B. Golitsyn [4o] started these studies. These microseisms are 

most intensive during periods of elevated cyclonic activity over 

water areas (during mlcroseismic storms), when their amplitudes 

reach tens of microns in coastal stations, and several microns in 

inland continental stations. They are trains of quasi-slnusoidal 

oscillations following each other uninterruptedly (see Figure 19). 

Because of the motion of particles from the medium in them and 

because of their propagation velocity, they were until quite recently 

related to surface waves, chiefly those of the Rayleigh type. The 

propagation of mlcroselsms of the first order over very large distances 

is assumed to be connected with the presence of wave guides in the 

Earth's mantle and crust. 

Plgure 19. Example of a record by a SGKD seismograph 
of long-period mlcroselsms with T % 100 - 200 sec and 
of mlcroselsms of the first order ïith T = 6 seconds 

fKaza£hqt^ßia?h waî\ lnstalled in metamorphlc rocks 
(Kazakhstan) In a standard underground housing 

The period of mlcroselsms depends on the distance of the detect¬ 

ing stations from the sources of the mlcroselsms. In coastal regions, 

the frequency spectrum maximum of mlcroselsms falls in the interval 

of about 1.5 - 2.5 seconds, and in regions at a distance of 1,000 - 

1,500 km or more from the coast — in the interval of 4 - 6 seconds. 

In a number of areas, the periods 

order can reach 10 - 12 seconds. For 
of mlcroselsms of the first 

example, the periods of 

FTD-HC-23-721-71 83 



microseisms reached 10 - 12 seconds — depending on the distance of 

the area of the cyclonic activity — at the Mirnyy station in the 

Antarctic [127]. Recently, regular microseisms with periods of about 

20 seconds, connected with cyclonic activity over the North Atlantic, 
have been noted. 

The propagation phase velocity of microseisms of the first 

order depends on their periods, and also to a certain degree on the 

seismogeological structure along the propagation path and in the 

area of observations. Generally, it amounts to from 3 to km/sec, 

according to data determined at three stations [112]. Records of 

4 - 6-second microseisms were recently obtained in an inland contin¬ 

ental area in a group of stations located along two intersecting 

contours, each with a length of about 50 km. The records of the 

microseisms were processed by correlation analysis methods [26]. 

It was established that the microseisms in a range of periods from 

several tenths of one second to 6 - 8 seconds can be regarded as a 

superposition of a regular wave component, propagated at great 

distances, and an irregular component, traced at short distances. 

The irregular component is apparently determined by short-period 

oscillations. The energy of the wave component amounts to up to 

50% of the total energy of the process. The remaining part is 

assigned to the irregular background, the nature of which is not yet 

established. The composition of the microseisms, in addition to the 

wave component with a velocity of 3 - ^ km/sec,' includes a vertical 

component with a velocity of 10 - 20 km/sec, that is, a component 

propagated with the velocity of dllatational waves through deep layers 

of the mantle. Its energy amounts to 0.1 to 0.4 of the total energy 

of the process. 

Long-period microseisms. Little study has thus far been made 

of the long-period microseisms with periods from 10 - 15 to 200-300 

seconds, which are present in the records of long-period seismographs, 

and sometimes in those of wide-band seismographs (Figures 19, 20). 
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Figure 20. Example of a record of short- 
period microseisms and microseisms of 
the first order by vertical seismographs 

with amplification of about 3*10^. The 
seismographs were installed in granite on 
a platform: 

1 - in an adit; 2 - in a hole 50 meters deep; 
3 - in a hole 1 meter deep. 

Their appearance in the records of sensitive long-period seismographs 

is not noticeable when the seismographs have been installed under 

poor conditions, chiefly when the underground instruments have not 

been buried deep enough, or when the underground instruments have 

been located in porous sedimentary rock or in crumbling crystalline 

rock. In many cases, long-period interference is caused by design 

defects of the seismographs or the galvanometers. For example, 

because of unbalance of the seismometer pendulum on both sides of 

FTD-HC-23-721-71 85 

.J mm 

R
ü
a
É
ü
 



its axis of rotation, a pendulum floating effect is observed when 

there are changes in the atmospheric pressure. Interference may be 

connected with temperature instability of the pendulum suspension 

springs, poor hermetic sealing of the instruments, absence of thermo¬ 

static control of the instruments, and a variety of other causes. 

Interference predicated on design defects of the instruments 

can be eliminated or considerably reduced by introducing pertinent 

improvements in the design of the instruments themselves. 

It is considerably more difficult to eliminate interference 

due to poor installation of long-period seismographs. The excitation 

mechanism of long-period interference is apparently connected with 

meteorological factors, such as changes in temperature, atmospheric 

pressure, and humidity of the environment, that is, factors which 

operate simultaneously over an immense area. Under their influence, 

the surface of the soil goes through slow seasonal inclinations or 

oscillatory motions [136], which are transmitted to the entire thick 

upper layer of rock. The slow motions which have been observed are 

complicated by faster oscillations, which appear in the records of 

long-period seismographs as quasi-sinusoidal oscillations with periods 

from 12-20 to 200—300 seconds or more. 

The interference is strongest when the seismographs are installed 

in shallow instrument housings built in sedimentary rocks. In 

stations in the USSR, it is most intense in the winter and least 

intense in the summer. For instance, it has the shortest periods 

in the European part of the USSR during the winter, on the order of 

15 - 20 seconds (Figure 20). During the summer it has the longest 

periods, on the order of 100 - 300 seconds or more. Besides, a marked 

dependence of the level of the microseisms on the time of day is 

observed in the winter. 

The inteiference which is being examined is of low intensity 

when the seismographs are installed in relatively deep (with a depth 

of up to 20 m) underground housings sunk in solid bedrock of 
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crystalline and metamorphic rocks. This is demonstrated by the many 

years of experience in operation of long-period type SKD seismographs 

installed in shafts with a depth of 20 m, sunk in crystalline rock, 

and also by experience in work with seismographs installed in adits 

sunk at a considerable depth in crystalline rock. 

The long-period microseisms connected with meteorological 

factors create great difficulties in recording seismic oscillations 

by long-period seismographs with a high amplification on the order 

of 10,000 - 20,000. Lowering the level of this interference is one 

of the important tasks in recording relatively low-intensity surface 

waves caused by nuclear explosions, including underground explosions. 

Short-period mlcroselsms. These microseisms can provisionally 

be divided into two groups: (1) microseisms with periods of 0.1 - 

1.5 seconds, observed during calm, windless weather (Figure 21), and 

(2) sporadically appearing irregular microseismic oscillations with 

periods of 0.01 - 1.5 seconds, conditioned by the activity of local 

sources, such as wind (Figure 22), the movement of traffic, and other 

sources. 

Figure 21. Example of a record of long-period micro¬ 
seisms made by an SVK seismograph installed on a 
concrete pedestal sunk to a depth of 1 meter into 
sedimentary rocks. The microseisms are connected with 
the temperature instability of the rocks. (Moscow 
region, March) 

Special experiments, carried out in a number of areas composed 

of crystalline rocks (granites or basalts), showed that the micro¬ 

seisms with periods of about 0.5 - 1.5 seconds, observed during 

calm weather, consist of the superposition of regular, quasi-sinusoidal 
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22. Example of a record of Irregular 
short-period microseisms, caused’ by the 
influence oí a stong wind at the observation 
point. SVK and SGK seismographs are installed 
in a shaft 20 meters deep sunk in granite 
(Khabarovsk region) 

oscillations, evidently of Rayleigh and dilatational waves, and an 

irregular background. (in these observations, the microseisms with 

longer periods were filtered out during the recording process.) 

This indicates that the short-period microseisms evidently are 

produced both by distant sources (the regular wave component) and by 

local sources located nearby (the irregular component). The propa¬ 

gation velocity of the wave component in observations in crystalline 
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rocks was on the order of 2.5 - ^ km/sec. However, in this group 

of raicroseisms, a component propagated with the velocities of 

dilatational waves through the deep layers of the mantle was also 

distinguished. Up to 50* of all the energy of the process_recorde<i 

under the above-mentioned conditions is ascribed to the above- 

mentioned wave components. 

The correlation of the irregular microseisms with periods of 

about one second produced by local sources is disturbed at 

distances of about 600 - 1,000 m between the seismographs. 

Microseisms with periods near one second constitute the basic 

interference in the detection and identification of seismic body 

waves caused by underground and underwater nuclear explosions, and 

also in the recording of dilatational waves in contact and atmospheric 

nuclear explosions. However, the intensity of short-period micro¬ 

seisms with periods of 0.5 - 1.0 sec is much "'ess than the intensity 

of microseisms with periods of 4 - 6 seconds. In very quiet stations, 

located far away from the shores of open expanses of water, it can 

be as low as 0.1 - 0.5 millimicrons. 

The recently obtained new data about the statistical properties 

and the spatial structure of the field of microseisms and their 

propagation velocities are extremely important when making use of 

methods for increasing the effective sensitivity of the seismic 

equipment, such as filtration, grouping of seismograpns, correlation 

methods, including the method of accumulation, and others [31-35 etc.]. 

§ 2. Spectral Composition and Intensity of Microseisms 

The averaged experimental values given in Table 14 (see also 

Figure 23) give an idea about the approximate average spectral 

composition and intensity of microseisms for the inland continental 

areas of the USSR with different geological structures, located a 

great distance from big lakes and inland seas. The data in Table ' :i 
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TABLE LEVEL OP MICROSEISMIC INTERFERENCE FOR QUIET, 

MEDIUM, AND NOISY SEISMIC STATIONS IN THE 

territory OF THE USSR. 

Period,sec 

Displacement, millimicrons 

Quiet 
station 

V 
Medium 
station 

A 
med 

Noisy 
station 

A , noi 

A ./A 
med qu ^noi^qu 

30-50 

12-15 

5-6 

2 

1 

0.5 

0.1 

10(20) 

10 

30 

2 

0.1-1.0 

0.1 

0.05 

'50(100) 

80 

300 

15 

3.5 

1.5 

0.5 

1000 

2500 

150 

60 

10 

5 

5 

8 

10 

8 

7 

15 

10 

100 

83 

10 

120 

100 

200 

A, microns 

Figure 23. Level of micro- 
seismic noises in quiet, 
medium, and noisy stations 
of the USSR (1) and the USA 
(according to [337]) (2) 

were obtained as a result of many years of seismic observations 

carried out in various areas of the USSR at more than 50 stations. 

Processing was carried out by direct measurement of the level of 

the microseisms in seismograms ootained by vertical Instruments 
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adjusted to various periods [101]. 

It must be mentioned that the data given characterize the 

minimum amplitudes of the microseisms in the areas in question, 

inasmuch as in the observations, a choice wa.c> always made of the 

relatively quietest points and the most favorable conditions for 

installing the seismographs in shafts, adits, pits, wells, cellars, 

caves, and other natural shelters and man-made structures. 

Depending on the level of the microseisms, stations and areas 

where stations are located can be classified as quiet, medium, and 

noisy. The demarcations are extremely provisional, and are based 

on the following three factors, which are connected to each other 

in many cases: the intensity of the microseisms, the geographic 

position of the area, and its geological structure. 

Among the quiet areas we provisionally include those in which 

the level of microseisms with periods of one second amounts to about 

0.1 - 1.0 millimicron. The medium areas are those where it amounts 

to several millimicrons, and the noisy areas are those where it 

amounts to several tens of millimicrons. The quiet areas are 

usually located inland on continents at least at a distance of 500 - 

1,000 km from the open coasts of oceans and seas. They consist of 

crystalline or metamorphic rocks. Also, areas with permafrost 

are included among the quiet areas in the northeast of the USSR, 

including also the coastal areas lined with ice which goes out far 

away from the shore. Among the medium-noise areas are included the 

internal continental areas with outcroppings or near-surface deposits 

of solid bedrock of sedimentary or sedimentary-mttamorphic rocks. 

The noisy areas include the open coastal regions with massive, 

thick layers of porous sedimentary deposits. 

It is Interesting to note that, in all three types of continental 

stations, the maximum interference level in the records of type SK 

seismographs appears at approximately the same periods: around 

5-6 seconds. 
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The largest level of roicroseisms in the entire frequency range 

o served when the seismographs are Installed on the surface of 

porou, sedimentary rocks. When the seismographs are installed on 

usually1*!^ 50llninnetr00kS' 1 °f interference 

Installed r " 1°>'er ln 00mparl30n wlt:h that when they are 
porous sedimentation in the same area (Figure 24). 

Figure 24. Examples of records of shert-oerlod 

™Jcr°50l3J¡ahyUSP seismographs with amplification 
oi 100, installed in the same place 

a in crystalline rocks; b - in a layer of alluvium 

A low interference level 1= observed in the central part of the 

Eurasian continent, which is composed of crystalline or metamorphlc 

ttl I’™. ln the pe™afl-°st regions on the northern coast of 
the Asiatic part of the USSR. 

levelT:h!tS TT fr0m an analySlS 0f the data given> the highest 
that of microseisms of the first order with periods of 

92 



^-6 seconds. In quiet stations, their amplitude amounts to tenths 

of microns, and in periods of micros'jismic storms, to several microns. 

As the period is decreased to 1 second, ^:he amplitude of the micro¬ 

seisms declines regularly; with further decrease of the period, the 

decline proceeds more slowly than in the range of 4 - 1 second. In 

quiet stations, the amplitude of microseisms with periods ranging from 

0.1 to 1 second amounts to about 0.01 - 1.0 millimicrons. 

Results of computer calculations of ir.lcroseism spectra. The 

amplitude spectra of microseisms in periods ranging from 1 to 14-15 

seconds were studied from the records of wide-band seismographs of 

type SK, adjusted to the standard constants. In the overwhelming 

majority of cases, records of vertical seismographs were analyzed. 

However, special studies revealed that the amplitude spectra of 

microseisms were identical when calculated for the same time intervals 

from the records of both vertical and horizontal siesmographs having 

the same characteristics and installed at the same point. 

Highly sensitive equipment with a narrow passband was used to 

study spectra in the range of periods less than 1 second. The 

length of the record section to be analyzed was selected so that the 

number of the oscillations to be analyzed would not be less than 

10 - 20. 

Figure 25, a snows examples of spectra’ of microseisms of the 

first order, recorded at the stations of Kulyab, Frunze, and Dushanbe 

with type SK seismographs. 

Table 15 shows examples of information about the duration 

of the sections analyzed, the periods of the maxima of the 

spectra, and their boundary frequencies, taken at a level of 0.5 

of the maximum amplitude. 

Figure 25, b shows the average (in time) spectra of short-period 

microseisms calculated for periods ranging from 2 to 0.2 seconds for 

a station located on granite outcroppings, and for the quiet stations 

of the USSR. 
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a - of the first order, recorded by SVK seismographs 
at stations in Central Asia at the same time; 
1 - Kulyab; 2 - Frunze; 3 - Dushanbe; 4 - averaged 
spectrum for the quiet stations of the USSR; 
5 - amplitude-frequency characteristics of the SVK 
seismograph; b - short-period microseisms; 
1 - recorded in a station located on granite out¬ 
croppings; 2 - average spectrum for quiet stations 
of the USSR. 

TABLE 15. CHARACTERISTICS OF THE AMPLITUDE SPECTRA OF 

MICROSEISMS FOR SEVERAL STATIONS OF THE USSR, 

OBTAINED FROM RECORDS OF WIDE-BAND TYPE SVK 

SEISMOGRAPHS. 

Characteristics of the spectrum Stations 

Duration of the 
of the record. 

Kulyab Frunze Dushanbe 

analyzed portion 
sec 60 114 122 

Mean values of T, measured on the 
record, sec 5.0 5.0 

Extreme values of T, measured on 
the record, sec 

Period of spectrum maximum T , 
sec sp 

Boundary periods of T, sec, at 
a level 0.5 of the spectrum 
maximum amplitude 

4-4.5 

5.2 

3.:7.0 

4-6 

5.0 

3•5-9.5 
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¿vn examination of the spectra in Figure 25» a and b reveals 

that ;ne shape of the microseism spectra recorded at different 

inland continental stations at periods ranging from 0.2 to 14-15 

seconds is close to the shape of the line of the mean spectral 

distribution obtained by direct measurements in seismograms (see 

line 4 in Figure 25, a and line 2 in Figure 25, b). 

It was established from the analysis of numerous data that the 

width of the spectral band, taken at the level of 0.5 from the value 

of the maximum, falls within the range of boundary frequencies from 

3-4 to 7-9 seconds for the inland continental stations of the USSR. 

A sharper intensity decline is noted in the direction of the shorter 

periods than in the direction of the larger periods. The slopes of 

the microseism spectrum can be characterized approximately by the 

sharpness of their drop. The left slope in periods ranging from 0.01 

to 4-5 seconds, and che right slope in periods ranging from 5-7 to 

10-14 seconds, can be approximated by power curves of the 

following type: 

JU and JL = (JLY^ 
A» \Til na A, \Tt) * (9) 

The mean value of y in the ranges indicated are ^ 1*5 

and Yright ^ -0.7 - 0.8. The value, Yleft = 1.5, was found earlier 

by K. K. Zapol’skiy in observations of short-period microseisms in 

sedimentary rocks [49]. 

The above-mentioned character of the microseism spectrum is 

observed in practice in most of the quietest internal continental 

stations of the USSR. Approximately the same distribution of inter¬ 

ference in the range from 0.01 to 60 seconds was obtained in the 

seismic stations of the USA [157, 159, 197, 201, 202, 337] (Figure 23). 

The spectra of microseisms are similar in form over a wide range 

of periods in different stations in quiet internal continental 

stations. For surpressing microseisms, this makes it possible tc 
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Prom a comparison of the spectra of microseisms and those of the 

uaeful signais, it is possible to select the optimum paral” of 

thlt is thnt1gUaranteelng that the ra0St e"«“ve sensitivity _ 
hat is the largest signal/interference ratio - will be obtained. 

la at oliT 16 t0 eSMnate the deviations in the 

of expiosioL' WaVeS and ln the SUrfaCe L* ^ various types 

amont?6 liStS the appr0)!lmate mean discrete values of the 
amp itudes of the spectral components of microseisms at quiet and 

medium stations of the USSR, and also those of the dilatational 1 

surface waves during underground explosions with intensities of 1 and 

i teltT ??UrinS C°ntaCt Wlth atm°SPheI’iP «Prions with 

ment r 10 ^ lUtci refer ^e displace¬ 
ment pectra. The respective spectra, corrected for the irregular 

magnification of the equipment, are given in Figure 26. 

In Table 16, the values of the amplitudes of the spectral 

oomponents in the P and L„ waves are indicated for the two ep\_ 

of" o" 0 I?? “I'000 and 10,000 te- P°r an ePl°entral 1 vdxues 01 Am in Lr waves for underground 

tTtTTt Wlr lnten5ltles of 1 and 10 kt are extrapolated according 
to the data of more powerful explosions. Including the explosion of 

200 kf?? 1963 ln NeVa<ia’ Wlth an ann0un<:e<i intensity of Q . 

t!th h ’ C°nta0t eXploslons "lth 1 intensity according 

ntens?? the MapshaH Elands with announced 

exoloL * 10’ and 15 and for atmospheric 

0 :: a:rrdl?to the data °f expiosi°ns at iai^ with intendties of Q ~ 10 - 15 Mt [1^5], 

exmo^ The SPeCtra °f the LR WaVes contaot and atmospheric 
explosions are similar In form when recorded on long-period equipment 
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at the epicentral distances being examined here. They are charac¬ 

terized by two maxima. One of them is at periods of about 15 - 20 

seconds with a boundary frequency (taken at a level of 0.5 from the 

amplitude of the maximum) in the region of the shorter periods, 

10 - 15 seconds. The second is at periods of 30 - iJO seconds with 

a boundary frequency in the region of longer periods, 40 - 50 

seconds (Figure 26). The spectra maxima of the LR waves during 

powerful underground explosions are slightly shifted in the direction 

of the shorter periods. However, in all cases, the region of the 

spectrum maximum of the !•„ waves is shifted towards the larger 

periods, in comparison with the respective region of the spectrum of 

microseisms of the first order. 

The amplitudes of the spectral components of L« waves in the 
n 

range of A = 4,000 - 10,000 km, in the ranges of the spectral band 

being examined here from 10 - 12 to 40 seconds, are 5-8 times 

greater than the corresponding values of the spectral components of 

microseisms at quiet stations for all types of explosions (both 

underground explosions with Q = 10 kt and contact or atmospheric 

explosions with Q = 10 Mt). They are commensurable with the 

amplitudes in medium-noise stations. In order to evaluate the 

correlations of the amplitudes of the useful signal A and of the 
• s • 

interference Alnt at other explosion intensities carried out under 

comparable conditions for the given epicentral distance, one may 

calculate the signal level according to the .experimentally established 

relationship: 

¿i = MQi/Qo)W. (10) 

When m is known, the values of A/T in surface waves can be found 

from the correlation: M = (0.89 + 0.21) m - (0.55 + 0.12) [97, 326]. 

In this way, the passband of long-period equipment must be 

shifted towards the larger periods in order to increase the A /A. . 
u. s • X n X 

ratio during recording at inland continental stations of the USSR 
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for Lp waves caused by various kinds of explosions for A more than 

several thousand kilometers. A band with boundary periods from 

12-15 to 1*0-50 seconds will be the optimum. 

P Waves. For P waves, the spectra are not similar for different 

kinds of explosions. The periods of their maxima are all displaced 

tov/ards each other, and their boundary periods also are different. 

Therefore, the question of the optimum conditions for recording P 

waves is examined separately for different types of explosions. 

Underground and underwater explosions. For underground 

explosions with intensities from several kilotons to several hundred 

kilotons, the maximum of the spectrum in P waves is at periods from 

1 to 2.0 seconds, and the band is in periods ranging from 0.5 to 

2.0 - 2.5 seconds, i.e., the period of the maximum and the boundary 

periods are displaced with relation to the corresponding character¬ 

istics of the spectra of the microseisms of the first order into the 

region of smaller periods [203]. For an explosion with a power of 

10 kt, the amplitudes of the spectral components, in the above-men¬ 

tioned range of periods from 0.5 to 2.0 - 2.5 seconds, exceed by 

5-6 times the corresponding values for microseisms in quiet stations. 

They are commensurate with the amplitudes in medium-noise stations. 

Approximat ly the same correlations are observed also during low- 

power underwiter explosions in shallow w iter. 

• 

Consequently, in order to increase the /^±nt rafcio* when 
recording P waves of underground and underwater nuclear explosions, 

the passband of the equipment must be shifted to the region of 

smaller periods in comparison with the band of the spectrum of micro¬ 

seisms of the first order. The optimum band will be one with 

boundary values of T on the order of 0.1 - 0.2 to 2.0 - 2.5 seconds 

with the maximum amplification at T on the order of 1 second. It is 

possible to raise the Au>s/Alnt ratio by 50 - 300 times or more in 

a number of cases by the above-mentioned means. 

FTD-HC-23-721-71 
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Contact explosions. The spectral bands of the P waves caused 

by contact explosions coincide with those of the microseisms. The 

amplitudes of the spectral components during an explosion with an 

intensity of 1 Mt, within the range of the spectrum band, exceed by 

approximately ten times the corresponding amplitudes of the micro¬ 

seisms in quiet stations, and by a somewhat lesser amount in medium- 

noise stations. However, in periods of about 1.5 - 2.5 seconds, 

the amplitudes of the spectral components in the P waves exceeded 

by 10 - 15 times the corresponding values of the A(T) of the micro¬ 

seisms. Therefore, when recording the P waves of distant contact 

explosions, it is advisable to shift the passband of the recording 

equipment in the direction of the shorter periods with reference to 

the spectrum band of the microseisms. The optimum band will be one 

with boundary periods from 0.2 - 0.3 to 2.0 - 3.0 seconds. In this 

case, it is possible to increase the A /A. , ratio by 30 - 50 times 

and more. 

Atmospheric explosions. The spectral bands of the P waves and 

those of the microseisms overlap. However, the boundary periods in 

the spectrum of the P waves are shifted somewhat in the direction 

of the larger values of the periods (Tdom % 12 - 15 seconds). The 

amplitudes of the spectral components of the P waves within the 

range of the spectral band of the P waves of an atmospheric explosion 

with an intensity of Q = 1 Mt is about 2-3 times smaller than the 

corresponding values for microseisms. Therefore, P waves at a 

distance of A ^ 10,000 km during an atmospheric explosion of 1 Mt 

can be recorded by a single seismograph only in especially favorable 

cases. In order to accomplish this, it is necessary to use a long- 

period equipment with a bandpass from 10 - 12 to 30 - 40 seconds and 

more, filtering out the microseisms of the first order. In this case, 

it is possible to increase the AUtS/Alnt ratio by several times (5-10 

and more). The Au s /A^nt ratio can also be substantially improved by 

the P waves derived from the displacement. Specifically, clear 

records of the P waves during atmospheric explosions were obtained 

by highly sensitive equipment with a band of 0.1 - 2.0 seconds (see 
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I 1, Chapter I and Figure 3), which recorded the velocities In the 
P wave. 

Thus, a comparison of the spectra of the useful signals and those 

of the microseisms leads to the conclusion that, by introducing 

filtration, one can considerably (from 5 - 10 to 200 - 300 times and 

more) increase the ratio of the useful signal amplitude to the 

interference amplitude. When it is necessary to increase this ratio 

by an even greater degree, it is necessary to apply the methodological 

procedures described in § t of this chapter. 

Oi—Measures for Increasing the Ratio of the 

Amplitude of the Oseful Signal to the amnHt„du 

of the Interference 

A further increase of the ratio of the useful signal amplitude 

to the interference amplitude can be guaranteed by using several 

methodological procedures, particularly in combination with oscila- 

lation filtering. They include installing the seismographs in favor¬ 

able areas, grouping the seismographs in arrays, using correlative 

statistical methods of lowering the interference level, based on 

using differences in velocities and in polarisation of the interference 

and of the useful signal, and others. 

The first two methodological procedures (installation of the 

seismographs in favorable areas, and grouping them in arrays) have 

been extensively tested during recording of numerous nuclear 

explosions in a number of stations located in different countries 

(USA, England, Canada). Several correlative and statistical 

procedures have been tested only in single stations for single 

explosions. General or theoretical considerations can be presented 

about the future prospects of several others. 

l^_The most widely adopted methodological proccdurps. Location 

of the stations in the most favorable areas for recording useful 
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signais (P waves). The experimental data accumulated at the present 

time show that the Au>5/Alnt ratio can be increased another 3-5 

times if the seismographs are Docated in areas where the seismological 

conditions are favorable for recording seismic waves caused by 

explosions. Such areas include platform regions (for example, the 

European, Kazakh, Siberian, and other platforms), crystalline 

shields and massifs (for instance, the Baltic, Ukrainian, etc.), 

ancient mountain systems (for instance, the Urals, the area of the 

Taymyr peninsula, etc.), and also permafrost regions in the north¬ 

east USSR and regions with thick layers of precipitation and 

a low level of microseisms. 

As an illustration. Table 17 gives data on the extent to which 

the magnitude Am exceeded its mean value mmean at temporary stations 

Nos. 1, 2 and 3, located on the Kazakh platform and in the Urals, 

during underground nuclear explosions, carried out in Nevada and*the 

Sahara. The quantity mmean was determined from a large (from 10 to 

90) number of stations (the data of short-period seismographs were 

used). The excesses in question in the stations reached in some 

cases 0.7 unit of magnitude. 

An analogous magnitude excess was noted in [103] and during 

recording at central Aslan stations of the P waves of contact nuclear 

explosions carried out in the Marshall Islands (Table 18). 

9 

The relative location of the explosion epicenter and of the 

station also plays a certain role here. Thus, for example, in 

stations located on the Kazakh platform, the P waves are recorded 

with a relatively larger amplitude during explosions in Nevada, and 

in stations located in the Urals, the same is true for P waves during 

explosions in the Sahara. Similar results were obtained also in 

the USA [240]. Mountainous areas with a complex geological 

structure (the Pamirs, the Tien-Shan, the Altay, and others) are I 

among those with the least favorable conditions for recording the P 

waves of underground and underwater explosions. 
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Grouping of seismographs In arrays. The ratio of the amplitudes 

of the body P and S waves of explosions to the amplitudes of the 

Interference (microseisms, reverberatory noises, noises causod by 

the signals themselves, and others) can be raised by using an array 

of seismographs at one station for simultaneous recording of the 

oscillations. When this is done, arrays consisting of several tens 

to several hundreds of seismographs are located either along inter¬ 

secting lines, or at distances commensurate with the length of the 

signal wave [25-30, 14?, 1^8, 158, 323, 359, 360]. An array of 525 

seismographs (LASA) was set up in the USA [293]- 

The coherence of the signal and the incoherence of the inter¬ 

ference, and the differences between their apparent velocities forms 

the basis of the principle of grouping in arrays. 

The apparent velocity of the useful signals in Pn waves at 

distances of 200 to 1,000 km from the epicenter and of P waves at 

epicentral distances from 1,100 to 2,500 km amounts to about 8 km/sec. 

The apparent velocity of the P waves increases to 20 - 25 km/sec and 

more for further increases of the epicentral distance. Consequently, 

the apparent length of the X* waves of the useful signal exceeds 8 km. 

The apparent velocity of the irregular microseismic oscillations with 

periods of 1 second is usually not more than 2-4 km/sec, and 

consequently their apparent wavelength does not exceed 2-4 km. 

The difference in the propagation velocities of'the signal and of 

the interference makes it possible to carry out not only frequency 

filtration when grouping seismographs in arrays, but also velocity 

filtration of the oscillations and filtration according to the signs 

of the directivity of the oscillations (that is, according to the 

azimuth of approach and the angle of departure). It is also possible 

to apply correlation methods of distinguishing the signal against 

the interference background, and a number of other procedures. 

The most conspicuous increase of the effective sensitivity when 

seismographs are grouped In arrays — by V» times and more, where n 

FTD-HC-23-721-71 
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TABLE 18. VALUES OP THE STATION CORRECTIONS OP THE MAGNITUDES Am - m - « 

FOR SOME SEISMIC STATIONS OF THE USSR st mean 

Station 

Kuril’ 

Yuzhno-Sakhalin 

os 
m c 
o o 

<4-1-H 
4J 

• « 
>4J 
V CO 
h 
A 0) 

35 

Kur 

YU-S 

Petropavlovsk-Kamchatskiy Ptr. 
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Vladivostok 

Vremennaya 1 
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Kyakhta 

Kabansk 

Tiksl 

Irkutsk 
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Vremennaya 2 

Alma-Ata 

Rybach'ye 

Alma-Ata 2 

Namangan 

Naryn 

Frunze 

Murgab 

Chimkent 

Andizhan 

Fergana 

Khorog 

Dzhergital 

Gara 

Sverdlovsk 

Tashkent 

Obi-Gara 

Kulyab 

Dushanbe 

Samarkand 

Oazis-Bangera 

Mirnyy 

Ashkhabad 

Epicentral 
distance 

A, km 

Ugl. 

Vld. 

Vr. 1 

Mgd 

Kkht. 

Kb. 

Iks. 

Irk. 

Smp. 

Vr. 2 

Aim. 
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Aim. 

Nmg. 

Nr. 

Fr. 

Mg. 

Chm. 

An. 

Fg. 

Khrg. 

Dzh. 

Grm. 

Svr. 

Ts. 

O-Grm. 

Kub. 

Dnb. 
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O-B 

Mm. 

Ashkh. 

Mean values of magnitudes m 

Am ■ m - m 
st mean 

Date & time of explosions 

o 
'»O 
m . 

co*i 
cm . 
^co 
CM pH 

4070 
4450- 4550 

4030—4C50 

4065 

4730—4740 

5020-5130 
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6850—6860 
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9605—9080 
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—0,4 
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-0,1 
-0,5 

0.0 
0.0 
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I +0.3 

I -0.2 
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I 0.0 
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vO CO 
CM . 
^00 
CO rH 
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TABLE 18. VALUES OF THE STATION CORRECTIONS OF THE MAGNITUDES Am - m - m 

FOR SOME SEISMIC STATIONS OF THE USSR 

Am - m 

st mean 

Station 
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st mean 

Date & time 

of explosions 

5
/
1
2
/
5
8
 

1
8
.
3
0
.
0
0
 

6
/
2
8
/
5
8
 

1
6
.
3
0
.
0
0
 

7
/
1
2
/
5
8
 

0
3
.
3
0
.
0
0
 

a 
« 

5 
CO 
> C 

<0 
c « 
co a 
íí e s < 

00 

5 

G C 
« co 
4J « 
* •o a 
< 

00 

°g oi S 
fcí 
H « 

Rocks In the area 

of the station 

Kuril' 
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Naryn 
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Dushanbe 

Samarkand 

Oazis-Bangera 
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is the number os seismographs grouped in the array — is attained 

when separate channel-by-channel recording — for example, magnetic 

recording — is performed for each seismograph of the array, with 

subsequent automatic introduction of filtration and summation with 

the weight coefficients (by the maximum probability method) of the 

oscillations. There is regulated phase displacement between the 

separate channels. Such methods are used in stations of the USA, 

England, and Canada. 

The use of electronic computers in grouping of arrays of seismo¬ 

graphs makes it possible to carry out all the above-mentioned opera¬ 

tions in real time. It is also possible to identify the records of 

underground and underwater explosions by the P waves. This is 

based on the differences in the correlograrns of recordings 

of explosions and of earthquakes [91, 326, 336, 3^3, 3M, etc.]. 

The effectiveness of different schemes of grouping is studied in 

[4l, 91, etc.]. 

2. Methodological procedures tested out in single cases. The 

utilization of the different polarization characteristics of the 

useful signal and the mlcroselsms. Utilization of differences in 

polarization between the useful signal and interference is one of 

the promising methods of overcoming interference, especially short- 

period accidental interference, in a station equipped with only a 

three-component set of seismographs (not grouped in arrays). In 

[327] it is proposed to make use of the differences in polarization 

by various methods, Including that of plotting the trajectories of 

particles as a function of time. Such plotting makes it possible to 

distinguish the P and SV waves from accidentally polarized inter¬ 

ference by means of rough estimates of the angle of departure of the 

linearly polarized P and SV body waves. 

Chapters V and VI are devoted to the stability with whicn cn° 

can determine the polarization of P waves for different types 

nuclear explosions at values of A ranging from several tens of km 
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to 10,000 km. Analogous studies were devoted to S waves recorded at 

eplcentral distances of up to 800 - 1,200 km. The polarization has 

a very steady character for P waves in the range of the whole time 

interval when the waves are tracked. The angle of departure of the 

P waves is determined with a precision of about + 5 - 7°. The 

polarization of the waves has a steady character only for the first 

one or two oscillâtjons, and in the subsequent part of the record 

oscillations are observed which differ considerably depending on the 

angles of departure. Methods were also tested for determining the 

momentary values of the apparent angles of departure for the entire 

record of an earthquake. It was shown that it is possible to 

determine them in a statistically steady manner [32?]. 

Statistical methods oi separating the signal against the inter¬ 

ference background. Methods of suppressing interference with the 

purpose of determining the direction of the first arrival on an 

unclear recording were worked out in the USSR and were 

tested in single records of underground explosions. The method is 

based on predictions of the character and level of the microseisms 

according to their character and level during the time period 

immediately preceding the moment of recording of the first motion 

[264]; the calculations were carried out on electronic computers. 

It Is most advisable to apply this method when the data are 

simultaneously processed by a number of stations. During the pro¬ 

cessing, the criterion of the first motion can be used to identify 

the seismic phenomena. 

3- Promising, but not yet tested methods. Method of accumula¬ 

tion. The method of accumulation [31-35] is one of the methods by 

which it is possible to separate the useful seismic signal against 

the background of interference when their amplitudes and periods are 

commensurable. This method is based on recording the mutual corre¬ 

lation function of seismic oscillations recorded by seismographs 

dispersed in an area or in space. The outermost seismographs of a 

group consisting of two, four or more seismographs are dispersed in 

Kll 
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an area or in space. The outermost seismographs of a group consisting 

of two, four or more seismographs, are dispersed in this method at 

distances on the order of half the apparent wavelength of the useful 

signal. When recording the P waves caused by distant (A > 2,000 - 

10,000 km) underground and underwater explosions, the apparent 

wavelength in them amounts to about 8-30 km. Consequently, the 

outermost seismographs in the group in this method should be dispersed 

at distances of about 4-15 km, and in some cases at even greater 

distances. 

The method of accumulation has been used thus far for seismic 

prospecting, including deep seismic soundings, where the periods of 

the oscillations in dilatational waves amount to less than 0.02 - 0.1 

second. In this case, the automatic recording equipment in the 

field for the method of accumulation consists of a continuously 

operating electronic computing device which — during the process of 

recording or transcribing — performs the following operations on 

the signals recorded by the different seismographs in the group: 

a) summation with variable time shiftsi b) remultiplication, and 

c) integration. Evidently the method of accumulation can be used 

for detection of underground, underwater, and also clear contact and 

atmospheric nuclear explosions under the condition that appropriate 

equipment has been provided which is suitable for the recording and 

subsequent transformation of the seismic oscillations with periods 

of about 1-2 seconds and more. The method of accumulation in 

principle makes it possible to determine the arrival moment and 

direction of a wave arriving against an interference background. 

Method of suppressing; (at a single station without arraying) 

mlcroselsms of the first order when the direction towards their 

source is known. The method is based on the summation of the 

records of vertical and horizontal seismographs, one of which is in 

this case oriented towards the source, and the other in the perpen¬ 

dicular direction towards the first. Since in microseisms of the 

first order, the phase displacement in records of vertical and 
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horizontal seismographs are usually constant and equal to 90° 

(Rayleigh waves), it is possible, by summing the signal of these 

two seismographs, to considerably weaken the level of the micro¬ 

seisms. 

It should be noted that during recording of nuclear explosions, 

tests were made of other means of increasing the effective sensitivity 

(grouping arrays of seismographs in deep holes, installing them on 

the bottom of seas and oceans, etc.) which have given satisfactory 

results [157, 197, 250]. 

Conclusions 

Studies were made of the spectral composition of the useful 

signals — the body and surface waves of explosions — and of micro¬ 

seisms in stations located in areas with different geographical 

situations and geological structures. The following conclusions can 

be made on the basis of these studies. 

1. In order to increase the effective sensitivity of the 

equipment installed at stations for detecting nuclear explosions, 

it is necessary to strive to lower the level of microseisms during 

the recording process. In order to accomplish this, it is necessary 

to locate the stations in quiet areas with a low microseism level, 

which must not exceed 0.5 - 1.0 millimicrons in. a period of one second. 

The areas must be favorable for recording useful signals. 

2. Quiet and favorable areas include platform regions and 

regions of some ancient mountain folds, and also permafrost areas. 

3* It is advisable to Install the seismographs at outcroppings 

of cj’ystalline or metamorphic rocks, in housings sunk deep into 

the earth, on pedestals rigidly connected with the above-mentioned 

rocks, in housings with a stable ambient temperature, in holes, 

shafts, adits, and other underground structures. 

FTD-HC-23-721-71 112 * 

.mm wm*mm 



■W-W— 

4. The measures listed in points 1-3 make it possible to 

lower the microseism level in a wide range of periods up to 100 times 

and more in comparison with the background level in noisy regions 

which are unfavorable for recording the useful signals. 

5. For further lowering the interference level in a limited 

range of periods, together with the above-mentioned methods, it is 

advisable to use filtration, grouping in arrays, and also correlation 

methods of recording and separating the waves. 

6. In order to record the short-period body waves, primarily 

the dilatational ones, of underground and underwater explosions, 

it is essential to shift the maximum amplification of the equipment 

to the region of approximately 1-second periods, with the greatest 

possible lowering of the amplification in the region of larger 

periods. If filtration of the type mentioned is applied, it is 

possible to raise the amplification of individual seismographs at 

a period of 1 second to values on the order of 10^ - 10^ in a number 
of cases. 

7. In order to distinguish signals with periods of 0.5 - I.5 

seconds at a ratio of their amplitude to the interference amplified 

with the same period, Au>s#/Alnt = 2.0, grouping of a large number 

(n > 20) of seismographs in an array is recommended. The seismo¬ 

graphs should be dispersed around the area 6r along intersecting 

profiles. In this case, grouping in an array may Improve the above- 

mentioned ratio up to fñ times, and also may guarantee a sufficient 

resolution of the signals in the recording and the possibility of 

better determining the characteristics of the seismic waves. 

8. In order to record P waves with amplitudes on the order of 

1-2 millimicrons in a period of 1 second within the terrority a4' 

the USSR, It is possible to select quiet regions with a low inter¬ 

ference background. In these cases it is possible to record the P 

waves in the entire region where they are present during undergrc'./v 

and underwater explosions with a magnitude of m > 4.5 - ij.8. 
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9. In order to record surface waves and also some types of 

body waves, it is advisable to utilize long-period seismographs 

with a passband from 12 - 15 to 40 - 60 seconds with rejection 

filters at the periods of intense microseisms. This method of 

filtration assures that it will be possible in favorable cases to 

make use of an amplification on the order of (2 - 3)*10** within the 

range of the above-mentioned band. In this case, it will be possible 

to record the surface waves of phenomena with a magnitude of M ¾ 3 - 

3.5 (and, if long-period seismographs are grouped in arrays, a 

magnitude of M ^ 2.0 - 2.5) at distances of up to 10,000 - 11,000 km. 
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APPENDIX 

Equipment Parameters Recommended by the Geneva 

Conference for Stations Detecting Nuclear Explosions 

Equipment with the following parameters was recommended by 

the Geneva conference of experts [131] in 1958 for installation in 

stations on the ground for recording seismic oscillations during 

explosions carried out under different conditions. 

1. A three-component set of seismographs with a maximum 

amplification on the order of 106 at a frequency of 1 hertz and with 

a passband adequate for reproducing the characteristic shape of the 

seismic signal. According to the author's own experience, this band 

has boundary frequencies between 0.1 - 0.2 and 2.0 - 2.5 seconds. 

The vertical component Is recorded by a group of ten vertical seismo¬ 

graphs dispersed at distances of I.5 - 3.0 km and coupled with the 

recording instrument by cables. This installation should guarantee 

the best possible recording of dilatational waves. 

The grouping of an array of horizontal seismographs was not 

specified, even though it can give the same effect as the grouping 

of an array of vertical seismographs. 

2. A three-component set of seismographs with a narrow passband 

and an amplification on the order of 3^10^ at periods of 2 - 2.5 

seconds. This set guarantees that It will be possible to obtain good 

records of the dilatational, transverse, and surface waves of 

explosions and earthquakes with small distortions over a broad range 

of periods. This simplifies their Identification to a considerable 

degree. 

3. A three-component set of long-period seismographs with an 

amplification of (1 - 2)^10^ at periods of about 25 seconds. This 

set is intended for the recording of surface waves of earthquakes rid 

distant explosions. 
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*♦. A three-component set with a narrow passband from 1 to 10 

seconds and an amplification of (1 - 2)*10^. Thecurvesof amplifica¬ 

tion of this equipment are given in Figure 2. 

In 1959» at another conference of experts in Geneva, the 

parameters of the equipment destined for monitoring posts were some¬ 

what improved by the working technical group No. 2^. Among other 

things, it was recommended that at each monitoring post 100, rather 

than ten, vertical seismographs should be installed in an array. 

Furthermore, the parameters of the equipment should be selected by 

taking into account the interference background at a given point. 

It was also recommended that long-period equipment be installed at 

all monitoring posts; the equipment should be provided with rejection 

filters for filtering out microseisms of the first order. It was 

also recommended that seismographs be installed in deep drilled holes. 

At the present time, six stations with a full set of recommended 

equipment are in operation in the USA, and the number of seismographs 

grouped in arrays at one of the stations in Montana (the LASA system) 

amounts to 525 [212, 293, 323]» An array of long-period seismographs 

is in operation at this station. In England, two stations with array 

grouping have been built on English territory, as well as one each 

in Canada, India, and Australia. All in all, more than 20 stations 

with grouping in arrays are in operation in different countries [326]. 

Because of such a considerable number of highly sensitive stations, 

the USCGS service records and determines the parameters of distant 

seismic phenomena with magnitudes of m > 4 (M > 3.2) (see the seismo- 

logical bulletins of the USCGS). 

As magnetic recording equipment is improved and is applied 

successfully in seismic stations, including American and British 

stations with grouping in arrays, in the future it will no longer be 

necessary to install several sets of recording equipment simultanesusly 

at one point. All the data received from several sets of recording 

Footnote (1) appears on page n8. 
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equipment with the above-mentioned parameters can in principle be 

obtained with one or two sets of magnetic recording equipment having 

a large dynamic range. 

According to the above-mentioned considerations, the question 

of the correct components for a set of equipment to be installed 

in stations for detecting and identifying nuclear explosions should 

be examined again after comprehensive testing of the new equipment, 

including the magnetic recording equipment. 

However, there is no doubt that, even if magnetic recording is 

applied, it will still be necessary to install the equipment in 

places with a low background of interference. These places must have 

favorable seismological features for recording the oscillations 

caused by explosions. It will also still be necessary to use equip¬ 

ment grouped in arrays with separate recording of the readings of 

each separate seismograph and subsequent mixing of the oscillations, 

with the introduction of time lags, filtration, accumulation, etc., 

in the process of transcribing the magnetograms. 

The effect of grouping in arrays can be enhanced somewhat if 

some of the seismographs comprising part of the array are located in 

a deep drilled hole at different depths, while some of the seismo¬ 

graphs are also grouped in arrays on the surface. 

FTD-HC-23-72I-7I 
117 



FOOTNOTES 

Footnote (1) on page 116 . 
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See "Protocols of the Geneva Conference 
on Banning Nuclear Weapons Tests," 
I959-I96O, Funds of the United Nations. 
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CHAPTER IV 

KINEMATIC AND DYNAMIC CHARACTERISTICS OP 

BODY WAVES RECORDED IN ZONE I 

The regions in which body waves are tracked during explosions 

are provisionally divided into three zones: zone I with epicentral 

distances of up to 800 - 1,200 km; zone II, or the shadow zone, with 

epicentral distances fr^m 1,200 to 2,000 - 2,500 km; zone III, with 

epicentral distances from 2,000 - 2,500 to 12,500 km; and zone IV, 

with epicentral distances from 12,000 to 18,000 - 20,000 km. In this 

book, zones II, III, and IV are treated together in Chapter V. 

9 

§ 1. Waves Recorded in Zone I 

During powerful explosions carried out in various media — in 

the air, on the Earth, under the Earth, and under water — the same 

dilatational and transverse waves are recorded in zone I. These waves 

are connected with the layers in the Earth's crust, which arj observed 

at the corresponding epicentral distances in the given area also 

during shallow-focus earthquakes. The following waves have been 

recorded during explosions in zone I: forward refracted waves Sy, 

propagated in sedimentary and sedimentary-metamorphic rocks; weakly 
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refracted broken waves F, P*, Pn, F, S», Sn, propagated In the basic 

layers of the Earth's crust (granite, basalt), and also connected with 

the boundary of the upper Mantle, the Mohorovicic discontinuity. 

Supercritical dilatational P^P« and transverse S S waves 
n n n n 

reflected from the M discontinuity have been clearly recorded. Super¬ 

critical waves reflected from the M discontinuity usually have a small 

intensity, and it is, as a rule, not possible to separate and track 

them in the recordings during point observations. Examples of the 

records of the waves observed in zone I are given in Figure 27. 

During underground explosions, exchanged refracted waves of type 

PkPlSk* Pk^z\* Sk^íSk* 2111(1 apparently also reflected waves of 

type or S^P^, are generated and are present in the recordings. 

Here the letters k and l provisionally stand for the basic boundaries 

in the Earth's crust (between the sedimentary stratum and the granite 

layer, the granite and basalt layers, the foot of the basalt layer 

and the upper boundary of the mantle), and the intermediate boundaries 

in the above-mentioned layers and in the upper mantle. The clearest 

exchanged refracted waves of type P^P^S^ were recorded for a sharp 

exchange boundary in the sedimentary stratum, for example salt — 

terrigenous rocks, etc. [328], The kinematic and dynamic characteris¬ 

tics of the F, P», P . F, S», S. P P., and S waves have been 

relatively fully studied in zone I during powerful explosions. 

0 

A description of the characteristics of the body waves observed 

in zone I follows. Recordings obtained both during profile point 

observations and when the seismographs were distributed over the area 

were used. The description of the dynamic characteristics is based 

on the seismograms from wide-band seismographs of type SK with uniform 

characteristics in the range of periods from 0.1 to 10 seconds. Also 

well-resolved recordings obtained from type SKM and USF seismographs 

with a narrow, but uniform passband in the range of periods from 0.1 

to 2.5 - 5 seconds were partially used. 
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" In the works published thus far [99* 1*11» 170-174, 208, 317, 

325 etc.] the characteristics of body waves in zone I are described 

basically according to the recordings of short-period filtering seis¬ 

mographs with selective characteristics. Most of them were of the 

Benioff type construction. The introduction of wide-band seismographs 

made it possible to analyze the dynamic characteristics of the waves. 

The kinematic characteristics of the body waves — their travel ; 

time, hodographs, and the apparent velocities, as well as the trajee- 
i 

tories of motion of particles in the waves — are practically the 

same for various types of explosions. Therefore, their description 

is given in a single section for all types of explosions. The dynamic 

characteristics of the waves, particularly the spectral composition 

of the oscillations, depend on the type of the explosions. Therefore, 

they are examined in Section 3 separately for each type of explosionl_ 

For the sake of comparison, data obtained during earthquakes are 

given, whose epicenters were located in the same area as the epi¬ 

centers of explosions, or close to them. 

1 

S 2. Hodographs of Waves Observed ln Zone I ¡ 
i 

The travel time of the waves and their apparent velocities V* 

vary somewhat, depending upon the seismogeological conditions of the 

area studied, the width and the character of the stratification of 

the basic layers of the Earth’s crust, and the regions where the 

•waves corresponding to different layers are traced. When the strati- | 

fication of the boundaries is not horizontal, differences are ob- 
» 

served in the travel times and the apparent velocities, even when 

the observations are carried out for the identical explosion in the 

same area in different directions. Therefore, for the waves traced 

in zone I, and also in the shadow zone, it is not possible to plot a 

single generalized hodograph for the entire globe. Attempts are mad*- 

to plot, from the data for explosions, generalized regional hodographs 

of the dilatational waves — for instance, for the central part of 

the United States [168, 220, 221, 284, 296, 300, 332, 334]. 
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Therefore, below In an examination of the regions of recording 

waves, their hodographs, and their apparent velocities, the range of 

values within which these characteristics of the wave fluctuate is 

given. These data are given in Table 19. For purposes of comparison, 

the average velocities of Pn and Sn waves, recalculated by Jeffreys 

for Europe, Central Asia, the northeast and northwest parts of North 

America, and Japan are given. 

As is clear from the examination of the hodographs of the dila- 

tational and transverse waves observed in zone I (Figures 28 - 30), 

exactly the same sequence of body waves is noted in atmospheric, 

contact, and underground explosions for different regions with a 

continental structure of the Earth's crust. In regions with a heavy 

stratum of sedimentary deposits, at distances of up to A < 10 - 15 km, 

usually the first wave to appear on the seismogram is a Pq wave. It 

is then replaced by a P wave, which is traced in the first arrival 

up to 90 - 110 km. The P wave is replaced by a P* wave, recorded in 

the first arrival in the range of A = 110 - 200 km. At a distance 

of A 200 km, the first wave to be recorded is a Pn wave, which is 

traced in a number of regions up to 800 - 1,100 km and more. In the 

interval A = 80 - 100 to 200 - 300 km, in the subsequent arrivals 

the most intense reflected dilatatlonal and transverse P P and S S 
n n n n 

waves can be distinguished in the group of body waves. 

The above-mentioned sequence of dilatatlonal wave arrival is also 

observed for the corresponding transverse waves. The branches of the 

hodographs corresponding to the refracted P, S, P*, S«, Pn, and S 

waves, connected with the basic layers of the Earth's crust, can in 

most cases be approximated rather closely by segments of straight 

lines. It usually Is not possible to establish weak refraction of the 

waves from the hodographs. In the ensuing arrivals, the Pn and S 

waves are observed up to A = 90° [297], 

The equation of the hodographs for the waves being examined here 

can be represented as follows: 
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f#ii S -pA- + <oi»3 . 

Here, represents the velocities of the waves, and t^p g is a 

segjr nt cut off on the time axis by the given branch of the hodograph 

It is the following [39]: 

km 

Figure 28. Hodographs of body and surface waves 
recorded during an underground nuclear explo¬ 
sion in the continental region in a range of 
A from 10 to 200 km 

FTD-HC-23-721-71 12? 



^ sec 
JSOr— 1-T 

V.-3.34 km/sec. 
s _ ' 

¿J.VL -3.55 km/sec_ 
' gl 

V/ykm/sec 

^■^ikm/sec 
^•TÇ>km/sec 

i^-ÍWkin/sec 

200 4M SOO Ut KM 
J, km 

Figure 29. Hodographs of body waves 
recorded during underground explo¬ 
sions in the continental region 

a - A = 100 - 1,200 km 
b - A - 10 - 5f000 km 

Figure 30. Hodographs of body and 
surface waves recorded during con¬ 
tact TNT explosion in zone I in 
the continental region 
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‘op,S varles ln » considerable range depending on the structure 
of the crust in the given region, its thickness h, the thickness of 

the layers composing it hj. and the velocities in the layers. Thus 

example, for Pn waves in the continental region where the thick¬ 

ness of the horizontal crust is about 40 - 45 km, tnp amounts to 8 - 

seconds, and tQS for the Sn waves consequently amounts to 12 - 14 
seconds (see the hodograph in Figure 28). 

In regions with a small sedimentation thickness, the velocity of 

the P0 wave does not differ noticeably from the velocity of the F 

wave, and the hodographs of these waves merge. In these cases, the 

wave which is being examined can be distinguished from the F wave 

by the fact that, when A increases, the amplitude of oscillations in 

it declines more rapidly than is characteristic for the F wave [325]. 

In regions with an oceanic structure of the crust, the F wave is 

absent, and the P* wave is traced as the first wave. In a number of 

continental platform regions, it is not possible to distinguish the P* 

wave as the first wave, and the hodograph of the F wave is immediately" 
replaced by the hodograph of the Pn wave. 

By comparing recordings of waves and their hodographs observed 

in Identical regions during explosions and earthquakes, the identity 

of their kinematic characteristics was established (Figures 31, 32). 

Special features of transverse wave recordings. The most 

clearly registered transverse waves were those recorded during atmo¬ 

spheric and contact explosions, in which the source can be regarded 

approximately as the percussive action of a concentrated vertical 

force on the surface of the Earth [116 - II9]. 

As has been established experimentally and theoretically [74, 

306, 318], when the source is of this type, sufficiently intense * 

transverse waves are excited. However, the ratio of the transverse 

wave intensity to the intensity of the corresponding dilatational 

waves during the explosions in a number of cases is somewhat less 

than during earthquakes with shallow foci (Figures 27, a, b). 

FTD-HC-23-72I-71 132 



Figure 31. Examples of hodographs of body waves and 
L waves recorded in zone I during earthguakes with 

their foci in the Earth's crust 

a - during earthquake No._4; 

b - during earthquake No. 2 (see the scheme in Figure 32) 
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Figure 32. Scheme of distribution 
of epicenters of shallow-focus 
earthquakes (1), (2), the hodo- 
graphs of which are shown in 
Figure 31, a, b, and the seismic 
stations (3). 

factors the amplitudes of the P 
n 

During underground and 

underwater explosions (Figure 

27, b, c, e, g, h) the transverse 

waves are in many cases of a low 

intensity, especially at close 

epicentral distances on the order 

of several tens and the first few 

hundreds of kilometers. In indi¬ 

vidual cases it may be difficult 

to distinguish them at all on the 

records, or they may be absent 

(Figure 27, f). Sometimes, however, 

during underground explosions of 

the same type in the same region, 

it is possible to distinguish 

clearly the transverse waves of 

the types mentioned above, and 

their amplitudes surpass by 2 - 3 

and P waves. In all types of explo¬ 

sions, the S wave in vertical seismographs usually appears in the 

opposite phase to that of the dilatational wave arrival (Figure 

27, '3, h). 

In a number of works it is proposed that the transverse waves 

during, some underground explosions originate duq to the exchange of 

dilatational waves at nonunifçrm points in the structure of the Earth 

near the epicenter, such as fractures and other tectonic disturbances 

[189, 199, 255, 277, 301, 306, 318, 358]^ However, the large ratio 

between the amplitudes of the limiting transverse waves and those of 

the dilatational waves indicates that transverse waves are generated 

at the focus of the explosion. 

§ 3. Characteristics of the Wave Recordings 

Atmospheric explosions. The records having the simplest appear¬ 

ance in zone I are those of waves in atmospheric explosions, carried 
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i t 

out^in the atmospheric layer near the surface of the Earth. In these: 

cases, the records of the dilatational and transverse waves obtained 

on seismographs of types SK, SKM, and others — within whose passbands 

the; wave spectra occur — assume the appearance of short oscillation ’ 

trains consisting of one to three oscillations with periods of 0.8 - : 

1.0 second, or less frequently up to 2.0 - 2.5 seconds (Figure 27, b). 

In recordings of these types of seismographs, the dilatational and 

transverse waves are divided by zones of relative amplitude damping. 

In these zones, the oscillation amplitudes in the recording are 

usually 3-5 times smaller than the maximum amplitudes of the dila¬ 

tational aqd transverse wave oscillations. » 
: 
t 

In the recordings of seismographs with shorter periods, such as 

USF, adjusted to a narrow band from 0.1 to 1.5 - 2.0 seconds, or in ' 

those of short-period Benioff seismographs [99, etc.] and a number of' 

others, the oscillation train in the waves contains a considerably 

larger number of oscillations — 3 to 6 or even more. The groups of | 

oscillations in the waves in this case are not always divided in time- 

by zones of relative oscillation damping, and some waves appearing^ 

against a background of oscillations of other waves — can be dis¬ 

tinguished by the increase in the recording amplitudes. The differ- 1 

enees in the periods between the dilatational and the transverse 
I 

waves are insignificant in these cases (Table 20). In recordings of 

low atmospheric explosions, the oscillations in the wave trains con¬ 

nected with basic boundaries in the Earth’s crust, at distances of 

A < 200 - 300 km, are modulated by oscillations with shorter periods 

on the order of 0.1 - 0.3 second. 

i 

The character of transverse wave recordings is somewhat different 

from that of the recordings of dilatational waves. At short distances 

of A < 200 - 300 km, in the recordings of wide-hand SK seismographs, 

the S waves appear in the form of a sharp pulse oscillation with a 

somewhat smaller period than the period in the P waves (Figure 27, b,i 

etc.). At a distance of A > *100 - 500 km the S waves are transformed 

into trains consisting of several oscillations with a period more or 

less the same as the periods in the dilatational waves. 

...... .., . ..1 
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During the same atmospheric explosion, the transverse waves in 

the recordings of wide-band SK seismographs can, as a rule, be sepa¬ 

rated out and traced better than in the recordings of seismographs 

with a narrow passband. At the same time, the dilatational waves are 

separated out on Instruments with a narrow passband much better than 

the transverse waves. 

Contact explosions. In these explosions, the recordings of the 

body waves have a more complex character than in atmospheric explosions. 

In appearance they are similar to the recordings of atmospheric explo¬ 

sions carried out at low elevations over the Earth's surface. In 

contact explosions, just as in atmospheric explosions, it is possible 

to trace the transverse waves at greater distances A than is possible 

in undergro nd explosions. 

In contact explosions, the periods of the body .iaves in the 

recordings are approximately 1.5 times smaller than in atmospheric 

explosions. At distances A > 200 - 300 km, the difference in the 

periods becomes insignificant. The oscillation trains in the dila¬ 

tational and transverse waves are usually short and consist of 2 - 3 

oscillations. They are modulated by short-period oscillations to a 

greater degree, especially at short distances of A < 300 - 500 km, 

than are the oscillation trains in atmospheric explosions. 

Underground explosions. The recordings of body waves in under¬ 

ground explosions in zone I differ considerably from the recordings 

of atmospheric or contact explosions. The basic differences are the 

following: a) the recording consists of a larger number of waves; 

b) the periods of the dilatational and transverse waves are consider¬ 

ably smaller than the periods of the waves in atmospheric and contact 

explosions. In recordings of wide-band seismographs, they amount to 

0.3 - 0.4 second for dilatational waves, and to 0.6 - 0.8 second for 

transverse waves; c) the oscillation trains in the waves, as a rule, 

are not separated from each other by zones of relative amplitude 

decrease. Superposition of the oscillations of one train on anofhei 

is observed, and the recording has an interference character 

(Figure 27, f). 
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The presence of a larger number of waves in the recordings of 

underground explosions is undoubtedly connected with the fact that 

the oscillations caused in this case have shorter periods. As a 

result, the occurrence of a larger number of waves is possible. The 

waves are refracted and reflected not only at the basic interfaces, 

but also at the intermediate interfaces in the Earth's crust [152, 
320, 334, 340]. 

In the recordings of underground explosions, as was already 

mentioned above, the arrivals of transverse S, S», and Sn waves cannot 

be distinguished positively in a number of cases. This may be 

connected with the low intensity of the transverse waves in cases 

when the source has near-spherical symmetry [43, 234]. In addition, 

the difficulties in distinguishing the transverse waves are connected 

with the fact that — during their recording — a surface channel wave 

type Lg^ occurs which is extremely intense in the recordings of all 

three components and which has a propagation velocity of 3.55 km/sec, 

which is close to the velocities of the 5 and S* waves. 

Underwater explosions. In underwater explosions carried out in 

shallow-water regions at shallow depths, or on the bottom of shallow- 

water basins, oscillations are caused with somewhat shorter periods 

than those recorded during underground explosions (Figure 27, b, h). 

The periods of the dilatational waves amount to 0.2 - 0.5 second. 

Immediately (0.5 — 1 second) after the first arrival, the sharp arrival 

of a relatively lengthy group of high-frequency oscillations is 

observed with periods of about 0.1 - 0.3 second (Figure 27, h). At 

At A < 300 - 400 km, these oscillations complicate the recording, not 

only of the dilatational waves, but also of the transverse waves, and 

in some cases of the surface waves as well. 

Another distinctive -eature of the recording of shallow—water 

underwater explosions is the presence of an Intense pulse which occurs 

right at the dilatation phase and which has a lance-shaped form at 

close distances of A £ 110 km, but at greater distances of A > 300 km 

FTD-HC-23-72I-7I 138 



is transformed into a group of short-period oscillations with periods 

of T ^ 0.2 - 0.6 second. In Figure 2?, h, the arrival of the above-_ 

mentioned pulse is indicated by the letter i. 

The occurrence of this pulse is apparently connected with the 

phenomenon in which the void formed as the result of an underwater 

explosion is quickly filled with water. This "collapse” of the void 

(a sort of repeated impact) has been noted during deep explosions 

[101, 102, 206]. 

The amplitude of the pulse i at a distance of A ^ 100 - 300 km 

usually exceeds by 1.5 - 2 times the amplitude of the first dilatational 

wave. At even greater distances A, this ratio of amplitudes is even 

greater. The pulse i during shallow-water explosions is traced also 

in P waves as well. The time difference At^ for the arrival of pulse 

^ and the dilatational wave tp rer..ains unchanged at all distances A. 

The value of At^ depends on the depth of the explosion and its inten¬ 

sity, and also, evidently, on the depth of the basin. For explosions 

carried out in shallow-water areas near the shores, At^ amounts to 

4 to 7 seconds. 

During the deep-water explosions carried out by the United 

States at depths of about 150 - 600 m in the deep-water regions of 

the Pacific Ocean, intense arrivals are observed 10 - 30 seconds 

after the arrival of the P waves. They are 'caused by pulsations of 

the gas bubbles [78]. We do not have data from observations in zone I 

during deep-water explosions carried out by the United States. 

For underground and underwater explosions, the ratio between 

the maximum amplitudes in the transverse waves and the corresponding 

amplitudes in the dilatational waves A?/Ap in the A range from 100 to 

500 km falls within the range of 1 to 2.5. For earthquakes, Ag/Ap 

> 2.5 in about 90# of all cases. Approximately the same values of 

Ag/Ap for underwater explosions were obtained in [205, 352]. In [90], 
a complete study of the dependence of earthquake Ag/Ap on A for 

different seismoactive regions of the USSR was carried out. In the 
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range of A ■ 200 - 1,200 ton, the average values of Ag/Ap > 3.5 

according to the recordings of SKM instruments, in which T. 

- 1.5 - 2.0 seconds./ d0m 

Type PL, SL waves. Simultaneously with the arrival of dilata- 

tional waves, whose periods usually amount 0 0.4 to I.5 seconds in 

zone I — depending on the type of the explosion and the parameters 

of the recording equipment — arrivals of longer-period oscillations 

are also observed, which have been called PL and SL waves in the 

literature. The periods of these waves in all kinds of explosions 

are around 4-12 seconds — that is, are considerably greater than 

the oscillation periods in dilatational and transverse waves. The 

intensity of the PL and SL waves and their periods in the recordings 

depend on the intensity of the explosion and the properties of the 

receiving equipment. During powerful explosions, PL waves have been 

observed in the recordings of wide-band seismographs of type SK 

within the range of the entire zone I, and in zone III up to epicentral 

distances of about 5,000 and more. In these same zones analogous 

waves of type SL are observed in a number of cases. Waves of type 

PL and SL in zones II and III are observed chiefly during contact, 

atmospheric and powerful underground explosions. 

Long-period PL waves have also been frequently observed during 

earthquakes as well. There has been no special study of the mechanism 

of the origin of long-period PL waves starting simultaneously with 

the arrival of the dilatational waves, and the available observations 

have not yet been systematically presented [295]. Study of the PL 

and SL waves is of great interest, since these waves evidently contain 

information about the source — such as information about its dimen¬ 

sions —and they may possibly be used in determining its parameters. 

Supercritical PnPn and SnSn waves reflected from the M discontinue 

PnPn waves recorded clearly at distances of A * 80 - 200 km 

during atmospheric and underground explosions carried out in a number 

of platform regions (Figure 27, d, e). 
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Recordings of waves recorded during atmospheric explosions hv 

means of vertical wide-band seismographs with a passband from 0.2 to 

10 seconds represent oscillation trains occurring right at the com¬ 

pression phase. These trains consist of 3 - 4 extremes with an appar¬ 

ent period of oscillations on the order of 0.6 - 0.3 second. These 

waves are also recorded well by horizontal seismographs. The periods 

of the PnPn waves during underground and atmospheric explosions are 

approximately 1.2 - 1.3 ternes smaller than the periods of the P, P*, 

and Pn waves recorded during these same explosions. 

The maximum amplitude of oscillations in the P P waves in 

recordings of a vertical seismograph exceed by approximately 1.5 to 

5 times or more the amplitudes of the P, P«, and Pn waves recorded in 

the first and in the succeeding arrivals. 

PnPn waves ref3-ected from the M discontinuity were recorded 

during an underground nuclear explosion carried out by Prance in the 

Sahara on May 1, 1962, in the Akhaggar (sic) plateau region in the 

interval of A = 109 - 200 km; the apparent velocity of the P P waves 

amounted to 7.72 km/sec. The amplitude in the PRPn waves was approxi¬ 

mately the same as the amplitudes of the P waveslaving an apparent 

velocity of 5.66 km/sec [260]. 

It must be observed that, both during explosions and during 

earthquakes, the PnPR and SnSn waves thus fafr have been recorded 

predominantly in regions with a continental structure of the Earth’s 

crust. 

The SnSn waves were recorded during underground explosions in 

the continental region in approximately the same range of epicentral 

distances as the PnPn waves (Figure 27, e and the hodograph in 

Figure 28). Their arrivals in the recordings are as clear as those 

of the PnPn waves. In the region of the hodograph minimum, they are 

not traced, Just as in the case of the D P waves 
n n 
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The SnSn waves are predominantly polarized in a horizontal plane 

perpendicular to the direction of propagation. 

S 4. Periods of Dllatatlonal and Transverse 

Waves Recorded ln Zone I 

The periods of the dilatational and transverse waves recorded 

in zone I during various types of explosions were measured directly 

according to the seismograms, and also according to the maxima of 

their spec*- In those cases when the oscillation train in the wave 

consisted of only one oscillation, the duration of this oscillation 

was taken as the period. If the train consisted of several oscilla¬ 

tions, the period of the oscillation with the maximum amplitude was 

measured. To measure Tp s, recordings obtained by type SK, SKM, and 

USF seismographs were used. 

The recordings of P waves during atmospheric explosions and also 

during some contact explosions recorded at a distance of A <_ 200 km 

are complicated by PL waves. This íí; also true for powerful explo¬ 

sions at A <_ 500 km. This made it difficult to measure the periods 

in the P waves. Data concerning Tp are not introduced in this work 

for P waves complicated by a superposition of PL waves. 

Recordings of S waves in seismograms are usually not complicated 

by a superposition of SL waves, except for the recordings of the most 

powerful explosions. When the periods were being determined from the 

amplitude spectra calculated on electronic computers, the period of 

the amplitude spectrum maximum was in this case taken as the period 

Tgp of the oscillations in the train. Spectra of the P waves recorded 

at the same- distance A during various types of explosions, illustrating 

the dependence of the maximum periods Tp on the type of explosions, 

are shown in Figure 33* 

The comparison of T „ and T.^_in the P and P waves, which was 
r sp dom n * 

given in § 4 of Chapter II, showed that these values practically 

coincide. 

142 FTD-HC-23-721-71 



Figure 33. Spectra of P waves 
recorded by vertical USF seis¬ 
mographs with uniform amplifi¬ 
cation in a range of periods 
from 0.1 to 2.5 seconds at the 
same station (A * 70 - 75 km) 

1 - 3 - during atmospheric 
explosions ; 

A - during an underground nuclear 
explosion; 

5 - during an underground TNT 
explosion. 

The relative distribution of the 
spectra is given on an arbitrary 
scale. 

Table 20 gives data on the 

periods of the dllatational and 

transverse waves obtained during 

explosions of various types in 

different regions, including 

Nevada. 

Table 20 gives the average 

^Tjnean^ and extreme ^Text^ values 
of the periods of the dllatational 

P, P», and P waves and of the 
' n 

transverse 3, S», and S waves. 
n 

The periods measured from the 

recordings of horizontal instru¬ 

ments practically coincide with 

the measurement data in recordings 

of vertical seismographs. 

I 

The dependenceo of Tp and 

Tg on A are examined below, on 

the basis of the data given in 

Table 20. 

Atmospheric explosions. 

During these explosions, the 

periods of the dllatational and 

transverse waves have somewhat 

larger values than during other 

types of explosions. In the range 

of powers and elevations of the 

explosions studied, the periods 

in the recordings of wide-band SK seismographs, and also in those of 

SKM and USF narrow-band seismographs, amount to 0.6 to 1.5 seconds 

for the dllatational waves within a range of A from 65 to 700 - 800 km. 

They amount to 0.7 to 1.7 seconds for the transverse waves. One ex¬ 

ception is the data from those stations in which the P and S waves 

are complicated by PL and SL waves. 
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As A increases from 100 - 200 km to 700 - 800 km, the periods in 

recordings of narrow-band seismographs change very little, increasing 

somewhat with increasing A. The increase of T does not exceed 10 - 15#. 

When the magnitude of the explosion M increases from 3.5 to 5.¾ - 

5.7, an increase of Tp and Ts by 10 - 20# is observed, as well as a 

weak increase in the periods of body waves and an increase of 2 - 4 

times in the height of the explosion. 

We will show that the data given above were obtained from a 

relatively large number of explosions (see Table 20). 

Contact explosions. Approximately the same values of Tp and Tg 

were obtained for this type of explosions as were obtained for atmo¬ 

spheric explosions. However, the small number of observations makes 

this result less valid than the data obtained during atmospheric 

explosions. 

Underground explosions. In underground explosions, somewhat 

smaller values of Tp p* and T^g,^ were observed than during 

atmospheric and contact explosions.n When A ranges from 100 tp 200 - 

300 km, the periods of the dilatational waves ordinarily fall within 

the range of 0.2 - 0.4 second, and those of the transverse waves — 

within the range of 0.5 - 0.6 second. In the range of A - 200 - 1,000 

km, the values of Tp fall within the range of 0.*5 - 0.8 second, and 

those of Tg —within the range of 0.8 - 1.0 second. When the expie- 

sion intensity increases by several hundred times, the periods of th? 

dilatational and transverse waves in the range of A » 200 - 1,000 km 

increase slightly. No dependence of the wave periods on the epicentral 

distance was observed (Figures 34, 35). 

This problem is examined in greater detail in § 3 of Chapter V. 

Approximately the same periods were observed also during underground 

explosions, of chemical explosives with a power from 0.17 to 1 kt [89]. 
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Figure 34. Dependence of the period of dilatational 
waves on the epicentral distance. 

1 - 3 - for earthquakes with foci in the Earth's crust; 
- for underground explosions. 

Figures under the dots indicate the magnitudes M; figures 
over the dots indicate the depths of the foci, km. 
K indicates a focus within the Earth's core. 

Figure 35. Dependence of the period of the transverse 
waves of earthquakes with their foci in the Earth's 
crust on the epicentral distance 

1 - S wave; 2-5* wave; 3 - S wave (the other symbols » n 

are the same as those in Figure 3*0 
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I f 

During underground ipxplosions accompanied by a discharge of soil 

onto the surface, in some cases the periods are 10 - 20* greater, in 

comparison with those of completely covered explosions (with no 

discharge). 

A slight dependence of Tp and Tg on the properties of the rocks 

containing the explosion was also observed. They primarily depend on 

the acoustic stiffness in them pv (p is the density, and v is the 

velocity of the P wave). The periods are 20 - 30* greater during 

explosions in dry, porous rocks such as alluvium, volcanic tuff, and 

others, in comparison with the corresponding values of pv during ex¬ 

plosions in dense crystalline (granites, basalts, etc.) and metamorphic 

(gneisses, etc.) rocks. 

The values of Tp and Tg depend on the depth of the explosion. 

Thus, for instance, during explosions in deep holes, P and S waves 

were recorded with periods about one half of those obtained during 

explosions with charges of equal intensity carried out at depths of 

about 200 - 250 m. 

Underwater explosions. The values of dilatational and transverse 

wave- periods recorded in zone I were obtained during shallow-water 

explosions of a relatively small intensity. A characteristic feature 

of these explosions is that they have oscillations of the shortest 

periods for dilatational and transverse waves. In comparison with the 

oscillation periods in other types of explosions. For the P* and Pn 

waves, the periods are about 0.2 - 0.8 second, and for S* and Sn 

waves they are about 0.7 - 1*2 second. 

Thus, the periods of the P and S waves recorded in zone I in a 

range of A = 200 - 1,00 km in all types of explosions, in recordings 

of instruments of type SK and others, fall within the following 

ranges: for dilatational waves, from 0.2 - 0.6 to 1.0 - 1.7 seconds, 

and for transverse waves, from 0.8 - 0.9 to 1.7 - 2.0 seconds. 
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§ 5. The Relationship T » T(A) of the Dllatatlonal 

and Transverse Waves of Shallow-Focus Earthquakes, 

Propagated In the Earth’s Crust 

This relationship was studied in detail for a broad range of A 

in [90], including the regions of Central Asia and Western Siberia. 

However, the data given below were obtained in [99] by the same 

methods used in establishing analogous relationships for explosions. 

The relationships presented are close to those obtained in [90] for 

Central Asian earthquakes in the range of A = 200 - 1,000 km. 

The changes of T = T(A) in the records of wide-band seismographs 

for the P, P*, P , 2, S*. and S waves in the range of A = 300 - 900 km 
n n 

for earthquakes with M = 4 - 5 with foci in the Earth's crust can be 

expressed by the following approximate linear dependences, which have 

been established experimentally [99]: 

for P, P*, and P waves: 
* * n 

Tt, p., pn = (1,0 £ 0,3) + 0,007A, ( 11 ) 

for S, S*, and Sn waves: 

Ts: s-, s„ = (1,5 £ 0,3) + 0,0014. (12î 

Graphs illustrating the relationship T = T(A) for dilatational 

and transverse waves propagated in the Earth's crust are given in 

Figures 31* and 35. 

The following conclusions can be drawn from a comparison of the 

relationship of TD „(a) observed in zone I during explosions and 
r , o 

earthquakes, with comparable magnitudes: 1) during atmospheric and 

contact explosions, the periods of the P and S waves are approximately 

the same as those during the earthquakes which were examined; 2) dm ng 

underground and underwater explosions, the periods of the P and S waves 
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are generally 20 - 3CÍ less tha^^he periods of the corrusponding 

waves during earthquakes. The very highest values of Tp and Tg during 

explosions overlap with the corresponding lowest values during 

earthquakes. 

§ 6. Character of Body Wave Polarization 

The polarization of dilatational waves was studied by plotting 

the motion trajectories of soil particles in the given wave in a 

vertical plane on the basis of observations of two components: the 

vertical Z component and the horizontal-radial H component, oriented 

towards the epicenter. 

For transverse waves, the trajectories were plotted both in the 

vertical and in the horizontal plane. 

Polarization of the dilatational waves. Numerous trajectories 

plotted for dilatational P, P*, and P^ waves, when recordings were 

not complicated by other oscillations, indicate that these waves have 

an almost linear polarization character in the vertical plane (see, 

for example. Figure 36). This applies to explosions carried out in 

various media — in the atmosphere, under the ground, and underwater. 

The trajectories plotted in the vertical plane passing through the 

epicenter and the station are inclined in the direction from the epi¬ 

center. In most cases, the trajectories of the*dilatational waves 

have the form of ellipses. This may possibly be connected with the 

insufficiently exact identification of the magnification of the verti¬ 

cal and horizontal seismographs, and also with the heterogeneous 

structure of the upper part of the cross section. 

« 
The apparent angles of departure of the seismic radiation in 

a given wave were determined from the inclinations of the trajectories 

with respect to the abscissa axis in cases when they were linear, or 

according to the inclinations of the major ellipse ixes in cases 

when the trajectories were elliptical. The value of e* was also 

determined according to the formula: 
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Figure 36. Trajectories of motion of particles of 
the medium in P and P waves recorded during air 
explosions n 

a - A * 100 km, P wavo; b - A = 270 km, P wave. 
n 

Between dots there is a time interval of 0.1 second, 

(13) 

* . 
Examples of en determined in this way for P and P waves excited 

u n 
by atmospheric and underground explosions in various regions are given 

in Table 21. 

TABLE 21. VALUES OF APPARENT DEPARTURE ANGLES eQ FOR P» AND 

Pn WAVES, DETERMINED ACCORDING TO THE TRAJECTORIES OF 

MOTION OF PARTICLES OF THE MEDIUM 

Epi- 
central 
distances 
A, ,km 

Type 
of 

wave 

<=0. 
degree 

Velocity 

V, 
km, sec 

Epi- 
centrai 
distances 
A, km 

Type 
of 

waves 

• 

eo» 
degree 

Velocity 

80 

90 

100 

270 

P 
P* 

P* 

P* 

30.5 

35.5 

34.5 

34.5 

6.0 

6.4 

6.4 

6.4 

300 

360 

470 

620 

P 
n 

Pn 
P 
n 

Pn 

45 

50 

58 

62 

8.0 

8.0 

8.0 

8.0 
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is clear from Table 21, the value of e0 for P* waves recorded 

during atmospheric explosions in the range of A - 90 - 270 km fluc¬ 

tuates (depending on the region) from 34.5 to 35.50. porp waves 

traced during underground and atmospheric explosions in the"range 

from 360 to^PO km, e0 increases from 45 to 62«. This scatter in the 

values of e0 at near distances A is caused by the fact that the ob¬ 

servations were carried out in regions with different structures of 

the sedimentary and metamorphic rock strata, and, on the other hand, 

by the possibility of errors in Identifying the amplification of th¡ 
seismographs. 

Por P* and Pn waves, the e0 angles in the entire tracing interval 

are close to the values calculated by formulas for head waves, or 

they increase somewhat together with the increase of A. This’indicates 

that they are^weakly refracted waves. We will show that a similar 

increase of eQ together with the increase of A was observed earlier 

for the corresponding waves, both during explosions [259, 263] and 

during earthquakes [291}. 

As far as the- polarization of dilatatlonal P* and P waves is 

concerned, no differences were observed from the polarization of the 

same waves caused by TNT explosions and earthquakes. 

PolarIzatloj^of transverse waves. During atmospheric and under¬ 

ground explosions, intense S* and Sn waves are recorded which have a 

considerable amplitude in the SV component. This amplitude is commen- 

surable with the amplitude of the SH component. The train in the S* 

and Sn waves consists of oscillations which appear to be attributable 

to the same wave. However, when a trajectory is plotted in the hori¬ 

zontal plane, it turns out that only one or two of the first oscilla¬ 

tions are associated with transverse waves uncomplicated by other 

oscillations. The subsequent oscillations in the trains are interfer- 

ence oscillations. This is distinctly visible from the differences 

between the trajectories of the subsequent oscillations and those of 

the first oscillations (Figure 37). For the subsequent oscillations 
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a change in the inclination of 

the trajectory and even a change 

in the direction of motion of the 

particles takes place. 

The polarization in the 

initial part of the recording of 

oscillations of the transverse S* 

and Sn waves in the horizontal 

plane is nearly linear, although 

the trajectories in most cases 

have the appearance of elongated 

ellipses. In the subsequent part 

of the recording, the polarization 

has a complex character. 

Particles of the medium in 

the S* and waves in the verti¬ 

cal plane move away from the 

epicenter. 

Figure 37. Trajectories of motion 
of particles of the medium in S 
wave recorded during an under¬ 
ground nuclear explosion at 
(A * 70 km) 

The angles of departure of 

seismic radiation, calculated 

according to the trajectories of 

motion of the particles for the 

transverse waves, are determined 

with less certainty than when 

they are calculated according to 

the dilatational wave trajectories. 

In general, however, they are close to the angles determined from the 

recordings of the corresponding dilatational waves. 

and 2 - in vertical planes; 
- in horizontal plane. 

Polarization in transverse waves during atmospheric, underground, 

and underwater explosions is the same as for the corresponding /aves 

of earthquakes. 
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The above description of the wave pattern for dilatational and 

transverse waves in zone I, their hodographs (Figures 28 - 31), the 

wave velocities, the areas where they are traced (Table 19), and also 

the polarization (Table 21) indicates that the characteristics ob¬ 

served during explosions and during earthquakes with surface or 

shallow foci have similar values. This simlarity is observed in explo¬ 

sions carried out in different media. This makes it possible to make 

use of the methods worked out in seismology for determining the 

seismic elements (the coordinates of the epicenters, the time at the 

focus, the angles of departure of the seismic radiation, etc.) in 

interpreting the recordings. At the same time, the possibility arises 

of making use of the regional hodographs obtained from a study of 

earthquakes for calculating the coordinates of the explosion epicenters, 

regardless of the medium in which these explosions occurred. The 

practical results obtained from applying the methods of interpretation 

worked out in seismology for determining the above-mentioned seismic 

elements in explosions confirm the correctness of the conclusions 

reached. 

The following section gives a short description of some of the 

dynamic characteristics of the waves propagated in zone I. 

6 7. Character of the Drop in the A/T Ratio of Body Waves 

Together with the Increase of the Eplcentral Distance 

in Zone I 

Experimental seismic data obtained chiefly during underground 

nuclear explosions, and to a small extent during UT explosions, are 

used to study the dependence of the A/T ratio of seismic waves on the 

epicentral distance A in zone I. Both these types of explosions pro¬ 

duce similar recordings of the corresponding waves, and the behavior 

revealed in the recordings made it possible to also establish their 

quantitative agreement. 

The dependence of A/T on A has been studied most thoroughly in 

zone I during underground nuclear explosions and TNT explosions. 
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The use of underground nuclear explosions for determining the 

dependence of A/T on A in body waves recorded in zone I was due to 

the following favorable factors: 

1) The waves can be traced well during numerous explosions 

carried out in practically the same place; 

2) During underground explosions, the energy of the body waves 

exceeds by 1,000 times or more the energy of the corresponding waves 

caused by contact and atmospheric explosions of the same intensity; 

3) The oscillations in waves excited during underground explo¬ 

sions have a relatively shorter period composition (T 2¾ 0.5 - 0.6 

second) than the corresponding spectral composition of oscillations 

in waves caused during atmospheric explosions (Tp £ 1.0 - 1.5 seconds). 

This makes it possible to considerably increase the effective sensi¬ 

tivity of the receiving equipment. The amplification of the receiving 

equipment during recording of underground explosions can be raised to 

10^ - 10^, that is, by a factor of 10^ - 10^ higher than the amplifi¬ 

cation of the wide-band equipment used in recording earthquakes and 

atmospheric explosions. 

4) The epicenters of underground nuclear and TNT explosions are 

located inside the continents. Therefore, the body waves in zone I 

were traced at many stations (located in regions with a continental 

structure of the Earth's crust) both from the profiles oriented along 

different azimuths and from a network of stations distributed over 

the area [325]. 

Methods of studying the dependence of A/T on A. The dependence 

of A/T on A was studied in the following manner. Curves for 

A/T = f(A) were plotted in the system of coordinates lg(A/T); Ig A. 

Then the amplitudes of the oscillations in the given wave were taken 

in millimicrons, the periods in seconds, and the epicentral distances 

in kilometers. Curves were plotted for the maximum oscillâticns fo^ 
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rv os, V and S*H waves. In addition, analogous curves 

v/-u'e plotted for the Pn waves for the first oscillation. The latter 

was of interest due to the possibility of identifying explosions from 

the direction of the first motion in the first dilatational wave. 

Then the A/T curves plotted for each separate explosion were 

averaged graphically. The exponent n of the function of divergence 

and the amplitude absorption coefficient a in body waves propagated 

In the basic layers of the Earth’s crust were determined according to 

the averaged curve [99, 100]. When several explosions were carried 

out from the same epicenter, the observed values of A/T were first 

reduced to a single level and entered in a single graph. The experi 

mental values were then averaged graphically, and the values of n and 

a were determined according to the methods described in [18, 108], 

Figure 38 gives examples of the curves discussed for the regions 

of Central Asia (chemical explosions) and for Nevada (nuclear 

explosions ). 

Decay of A/T with &. The law by which A/T of body waves, 

connected with the main boundaries in the Earth’s crust, decreases 

with the distance in an ideally elastic medium may be expressed by 

the following relationship: 

A ¿»IT 
r ' oyA,,)?’ (1¿!) 

where A and AQ are the amplitudes of the oscillations, respectively, 

at the point of observation and at a point closer to the epicenter, 

it is, aswumed that both points are located beyond the initial point 

if the wave, and A. and are the corresponding epic entrai distances. 

In real media there is absorption. Therefore, if we approximate 

the observed curve by an exponential function of the type (14), and 

by a straight line in the selected system of coordinates (Ig A/T-, IgA) 

the factor <1 will be the effective divergence function which includes 

T r- lj 



Figure 38. Amplitude graphs for P* and Pn waves 

observed during underground explosions in the 
continental region 

a - for the Central Asia region; 
b - for the Nevada region, according to data 

from [325]. » 

Dots indicate experimental data 

the decay of A/T together with the increase of distance A due to an 

increase of the wave front surface and due to absorption. 

The average values of q for different waves observed in a number 

of regions during underground explosions and earthquakes found accord¬ 

ing to Formula (14) from the amplitude curves are given in Table 22. 
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As is clear from Table 22, the values of q for the P and S V 

waves with periods of 0.5 - 0.8 second are about 3.0; the^ame value 

of q has been established for S H waves. 
n 

The value of q found for the curve by averaging the amplitudes 

Apn of the flrst motion of the Pn wave is 3.2. This indicates that 

there is a stronger attenuation of Ap for the first motion than for 

the maximum oscillation amplitudes in this wave. The value of q in 

the P* wave is around 3.2, and for the Sn and S* waves the values of 

q are approximately 3. The standard deviation for the determination 

of q amounts to 0.1 to 0.15. 

The fact that the values of A/T of P , p*, s and S* waves 

decrease inversely in proportion to A in the same^egree leads to the 

conclusion that there is greater absorption of the transverse S and 

S« waves, since the oscillation periods in the transverse waves^e 

approximately 1.5-2 times greater than those in the dilatational 

Pn and P* waves. 

Out of all the waves examined, the most significant decrease in 

A/T together with the decrease of A was that observed for the P 

waves. For the P waves, the value of q is close to the value of q 

for the P* and Pn waves. 

0 

An analysis of the amplitude curves plotted for the waves 

recorded during atmospheric explosions shows that the dependence of 

A/T on A is approximately the same as that established for waves 

recorded during underground explosions. 

Petermining the absorption coefficient of the waves and the 

exponent of the divergence function according to the amplitude curves . 

At the present time, amplitude curves have been obtained only for 

single profiles. Nevertheless, even from single amplitude profiles, 

the amplitude absorption coefficient a and the exponent of the 
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divergence function n for the P, P*, Pn, S*, and Sn waves can be 

estimated by using methods developed in seismic prospecting [16, 18, 

108]. 

It has been established theoretically and experimentally that 

the decrease in the oscillation amplitude of head waves, together 

with the decrease in A, can be expressed by an asymptotic relationship 

of the following type: 

= (£)" ' u5, 

Here, and AQ are the same values as in (14), and n and a are, 

respectively, the exponent of the divergence function s d the ampli¬ 

tude absorption coefficient. For media with a constant velocities, 

the asymptotic value of n is 2 [18]. 

It must be noted that Formula (15) is, strictly speaking, 

inapplicable in the case of refracted waves. However, if the waves 

are weakly refracted and are observed at epicentral distances not 

exceeding 10 - 15 of the boundary depths, for approximate estimates 

it can be assumed that the waves glide along the refracting boundary. 

In the numerous experimental determinations of n carried out in 

seismic prospecting in a thick-layer medium, the average values of n 

are close to 2, and the maximum values fluctuate within the range of 

1.5 to 2.5 [16, 18]. 

In the present work, three methods were used to determine n and 

a: 1) The method of selecting a theoretical curve which best approxi¬ 

mates the observed experimental amplitude curve; 2) the method of 

simultaneously determining n and a by a single curve [108]; 3) the 

spectral method [18]. 

Table 23 gives the values of the exponent of the divergence 

function and of the amplitude absorption coefficient a for the Pn, 
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TABLE 23. VALUES OP THE EXPONENT OP THE FUNCTION OP 

DIVERGENCE AND THE AMPLITUDE COEFFICIENT OP ABSORPTION 

FOR WAVES CONNECTED WITH THE BASIC BOUNDARIES IN THE 

EARTH'S CRUST, OBSERVED DURING UNDERGROUND EXPLOSIONS 

Type of 

wave 
Dominant 

period 

T, sec 

By 1 

seit 

nethod 

of 

iction 

[16] 

By method 

[108] 
By 

amplitude 

spectra 
Mean values 

n 
, -1 

a,km n a, km n a,km ^ n a, km”* 

P maximum 

oscillations 0.4 
0.017 [132] 

0.0076 [325] 

P first motion 
n 0.3-0.4 1.9 0.004 2.2 0.0042 - 2 0.0035 - 0.001 

P maximum 

osclllatlona 0.6-0.8 

0.3-0.5 
2.0 0.002 2.0 0.0024 2 0.0023 2 0.0021 - 0.0002 

0.0022 [325] 

S V maximum 

oscillations 
1.0-1.5 2.0 0.002 1.4 0.0025 1.7 0.0022*- 0.0003 

SnH maximum 

oscillations 1.0-1.5 2.0 0.002 1.4 0.003 1.7 0.0025 - 0.0005 

P* and S* waves found from recordings of underground explosions with 

single amplitude curves, and from their spectra by the above-mentioned 

methods. The values of the predominant periods of the waves in the 

recordings obtained by seismographs with a narrow passband are also 

given. 

The values of a given in Table 23 for the first motion in the 

P wave is approximately twice as large as that for the maximum oscil¬ 

lations in the same wave. The values of a for the maximum oscillations 

in the Pn waves and in the S* waves are very close to each other. 

The values of the absorption decrement for the P and S» waves 
n 

are 0.012 - 0.014. This agrees with the values found earlier by 

different methods for certain crystalline rocks — granites and 

others (Table 24). 
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TABLE 24. VALUES OP ABSORPTION DECREMENTS * AND 

VALUES OP FOR EARTH'S CRUST POR DILATATIONAL, 

TRANSVERSE, AND SURFACE WAVES 

Region of 
epicenter- 

Type 
of 
wave 

Record¬ 
ing 
Bangs • 

A, km 

Range 

Q.t.. 
T, sec 

Accep¬ 
ted 
value 
’of vV 
km/sec 

Dec¬ 
re¬ 

ment 
-•m • 
™ »T« 

Method of 
- determin¬ 
ation 

Liter¬ 
ature 

Explosions 

Central 

Asia (TNT 

explosions) 
S* 
Sn 
hi 

Nevada 

(nuclear 

explosions) 

P. 
Pn 

Pn 
S» 

P» 

200-1000 

200—800 

300-1200 

300-1000 

150-1500 

0.8 
0,6 
1.2 
0.8 
0,8 

6.4 
8.4 
3,7 
4.3 

3,55 

0,021 
0,024 

0,012 
0,012 
0,017 

150 

130 
260 

260 

19> 

Amplitude Author 

50-130 

180-450 

180-650 

200-1000 

200-750 

100-450 
260-600 

> 

» 
» 
» 

0.3 

0,3 

0,2-1,0 
0,5-0,8 

0,6-0,8 

0,3 

1.7 
0,8 
0.8 

4.5 
5.5 

5,5 

6.4 

8.0 

8,0 
3,7 

3,55 

4.5 

0,039 

0,016 
0,017 
0,011 
0,013 

0,0055 

0,012 
0,007 

0,012 

.80 

200 
135 
286 

241±30 

570 
242±17 

450±30 

260±40 

» 
> 
» 

» 

» 

» 
» 
» 

Amplitude, * 
spectral 
Amplitude 1325] 

Spectrali 
» 

Author 
im 
[3041 

^Earthquakes 

Asia 
Po 
So 
P 
S 

10-80* 

10-80 
15-100* 

15-100 

0,025-1 

0,025-1 

0,025-1 

0,025-1 

4,8-5,2 

2,7-2,9 
6,0+6,1 

3,5-3,6 

0,033 

0,025 
0,017 

0,009 

95 

126 
184 

350 
0 

Spectral 

» 
» 

» 

[321 

[32J 
[32| 

[32J 

Kurile 

Islands 

I 
s 
s 

50-160* 

80-200* 

100-250* 

0,2-0,3 

0,2-0,5 
0,2-0,5 

,5 

4.5 
4.5 

0,0035 

0,005 

0,015 

90 

628 

293 

Amplitude 
» 

t 

{30] 
[30] 
[30] 

USA 
h 8-20 3,2 0,016 J 200 » [45] 

Hypocentral distances are shown 
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It must be noted that the estimates of n and o given here are 
approximate, since they were made from single amplitude curves. 

However, the fact that the values of a are close to each other for 

different regions indicates that there is a relatively high degree 

of approximation. 

Dependence of the absorption coefficient of ?n and S waves on 

frequency. The dependence of the absorption coefficient ap on 

frequency f was studied by the spectral methods by the author for the 

Similar determinations were ~Pn* -WaVes ' [10 5T ( s ëe * ï ‘ V'ôhapt èr *ïî ) 

undertaken in [304] for P and L waves. 
s s 

It was established in this work that, in the range of periods 

T = 0.3 - 2.5 second, ap depends linearly on f in accordance with 

the following expression: 

aPnZ “ 0,0019/Jt*-» .- (16) 

The linear dependence of the absorption coefficient on the 

frequency was also obtained for the S and L waves [304]. 
S 8 

On the' basis of the data obtained, the absorption decrements of 

waves propágated in the Earth's crust were determined, and the values 

of Q = n/0 were also calculated. 

$ 

Table 24 gives composite data on the decrements 0 and Q, obtained 

during explosions and earthquakes found in this work and obtained by 

a number of other authors. 

nZ 

The values of a calculated by Formula (16) for periods of 

3 0.8 sec oscillations in P waves, observed during underground 

explosions in various regions, coincide with the data given in 

Table 24 and with those obtained by other methods. 
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§ 8. Distribution of Nodal Lines for Dllatatlonal 

Waves During Explosions and Earthquakes 

The analysis of numerous experimental data obtained during 

nuclear explosions of various types, and also during underground and 

contact TNT explosions, has established without doubt that the dila¬ 

tât ional waves always arrive in the compression phase, regardless of 

-bhe -a-zimuth in whic-h •the^-atat-io.n. J,s. located- with relation--ta..the.. .. 

explosion epicenter [99]. This is caused by the symmetry of the ex¬ 

plosion source. At the same time, during earthquakes, the first 

motion in the dilatational waves is, as a rule, observed in the com¬ 

pression phase by some stations and in the dilatation phase by others. 

A similar distribution of the directions of arrival for dilatational 

waves during earthquakes is connected with the shifting nature of 

the forces acting in the source. 

The distribution of the signs in the first motions of dilata¬ 

tional waves recorded by a network of stations during explosions and 

earthquakes was analyzed with the methods used to study the mechanism 

of earthquakes [4l]. In this analysis, the results of processing the 

recordings for each station were plotted on a Wulff net (Figures 39, 

40); the "+" sign indicates arrivals in the compression phase, and 

the sign indicates arrivals in the dilacation phase. 

The distribution of signs for explosions in all cases studied 

makes it impossible to draw nodal lines (Figure 39), even when, in 

the recordings of individual stations, the wave arrived in the dila¬ 

tation phase. The latter is connected, not with the source, 

but either with incorrect switching on of the equipment or with the 

impossibility of distinguishing the first arrivals because of their 

small amplitudes. This can usually be established easily by the 

phase correlation of the waves [99]. 

The distribution of signs during earthquakes makes it possible 

to draw nodal lines in the overwhelming majority of cases (Figure 40). 
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Figure 39. Distribution of directions of first 
motions in the first arrivals in dilatational. 
waves recorded during an underground explosion 

Figures are numbers of the stations 

The differences in the distribution of signs of the first 

motions of dilatational waves during explosions and earthquakes may 

be used in identifying the recordings of explosions. 

CONCLUSIONS 

The following' conclusions may be reached from the above compari¬ 

son of the kinematic and dynamic characteristics of body waves propa- 

gated in zone I. 
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Figure 40. Distribution of directions of first 
motions in the dilatational waves recorded 
during an earthquake 

Symbols are the same as in Figure 39 

0 

1. The wave pattern recorded in zone I during all types of 

nuclear explosions is analogous to the pattern observed during 

earthquakes . 

2. The kinematic characteristics of the waves examined here — 

the hodographs, the propagation velocities, and the areas in which 

they are recorded in all types of explosions and in shallow-focus 

earthquakes (with their foci in the Earth's crust) — practically 
! 

coincide. This makes it possible to use the methods of determining 

seismic elements, which were developed in seismology, in recording 

explosions . 
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3. It has also been established that there is a quantitative 

similarity, and even a qualitative similarity in some cases, for 

most of the dynamic characteristics of the waves examined here, which 

were excited by all types of explosions and earthquakes. This simi¬ 

larity is noted in the decay of the amplitudes of oscillations with 

the epicentral distance, in the ratio of the amplitudes to the period 

of the corresponding waves, in the values of the absorption coeffi¬ 

cients and their dependence on frequency, in the motion trajectories 

of the particles of the medium, in the polarization, and also in the 

••departure angles of the wave-s, -- .. • • 

The following basic differences in the dynamic characteris¬ 

tics of the body waves of explosions and of earthquakes were esta¬ 

blished : 

a) The periods of the body waves during underground and under¬ 

water explosions were 20 - 30% less than the periods of the corre¬ 

sponding waves of earthquakes with comparative magnitudes. The 

highest values of the periods during explosions overlap with the 

corresponding lowest values during earthquakes. 

b) During underground and underwater explosions a comparatively 

smaller intensity of the oscillations is observed in the area of 

transverse waves than is the case for earthquakes. The ratio 

of the transverse wave amplitudes to the corresponding values of the 

dilatational wave amplitudes. Ag/Ap, is less than 2.5 for explosions, 

while for 90% of the earthquakes studied, A^/Ap > 2.5. 

c) During earthquakes a growth of the oscillation period is 

observed together with the increase of the epicentral distance. In 

explosions, this is almost never observed, or is observed to a 

smaller degree. 

d) In explosions, in contrast to earthquakes, the dilatational 

waves usually arrive in the compression phase at all stations 

surrounding the epicenter. 
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.. ...CHAPTER V .*. 

CHARACTERISTICS OF BODY WAVES RECORDED IN ZONES II, III, AND IV 

The fullest wave pattern in Zones II, III and IV is that observed 

during powerful atmospheric and contact explosions. The following 

body waves have been recorded during powerful explosions in the above- 

mentioned zones: P, PP, PPP, PPPP, PcP, PcS (ScP), PS(SP), PPS, PKP 

(PKP^, PKP2), PKPPKP, S, SS, 3SS, SSSS, ScS, SKS and a number of others 

During underground and underwater explosions, a less full wave pattern 

was observed. Specifically, forward and reflected transverse waves 

were recorded only in zone II, and in a few cases, in zone III, while 

exchanged reflected waves of type SP were not recorded at all [63, 99, 

101, 1^5, 165-168, 180, etc.]. 

In most cases, P, PP, PcP, SP, PKP, and S waves were identified 

from a combination of a number of signs: travel times, the character 

of polarization, the decrease of the amplitude with the epicentral 

distance, etc. Other waves were identified only by travel times and 

the character of the polarization. In all cases, the times in the epi¬ 

center and the coordinates of the epicenters of the explosions were 

known exactly, either from the reports of the Atomic Energy Commission 

of the USA or from the seismic bulletins of the Coastal and Geodesic 

Service of the USA and other publications. Examples of seismograms 
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with records of body waves obtained during various types of explosions 

are given in Figures 3 - 5, 10, and 41. Examples of hodographs of the 

body waves recorded during atmospheric and underground explosions are 

shown in Figures 29 and 42. 

Records of Soviet seismic stations, as well as data given in works 

[145, 146, 63, 309, etc.] and in the seismic bulletins of the USA, 

Sweden, and other countries were used mainly in plotting the hodographs. 

—.The-.iiodagraphs -given, are. the. mos*-complet©, -f or-tfee -given- type &.— 

of explosions. The descriptions of the wave patterns in earlier works 

[63, 99> 101, 168] referred chiefly to dilatational waves, caused by 

contact and sometimes underground explosions; transverse waves are not 

examined in them. 

Comparatively few works are devoted to studying the dynamic 

characteristics of body waves caused by explosions in the zones under 

discussion, and the dynamic characteristics of the PP and S waves, 

including those during atmospheric explosions, were hardly studied. 

In this chapter, an attempt is made to analyze these characteris¬ 

tics chiefly on the basis of the experimental materials obtained in 

the seismic stations of the USSR during various types of explosions. 

0 

The data at our disposal made possible a relatively thorough 

study of the kinematic and dynamic characteristics of the P waves 

recorded during all types of explosions. These waves are most impor¬ 

tant for detection and identification of explosions. Other types of 

waves, such as the PKP waves, whose records were obtained mainly by 

foreign stations, are characterized less completely. 

Records of the PKP waves during underground explosions were 

obtained in Soviet stations only by the Antarctic stations at Mirnyy 

and at Oazis Banger [99]. These stations were set up in 1956 [66, 67, 

8?]. Records of the PKP waves during the underwater Wigwam explosion 
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Figure 42. Composite hodographs of some body and 
surface waves recorded during atmospheric explosions. 
The experimental values of the travel times of the 
waves are indicated by dots. The J*effreys-Bullen 
hodographs for the surface focus are indicated by 
solid lines for the body waves, and the observed 
averaged values for the surface and channel waves, 
are shown by broken (sic) lines. 

were obtained in the USSR stations of the ESSN (Unified System of 

Seismic Observations) [23]. 

S 1. Character of Oscillations in Body Waves Recorded 

During Various Types of Explosions 

Noticeable differences in records of body waves are observed, 

depending on the type of explosion. 
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During atmospheric explosions in all three zones, body (dilata- 

tional and transverse) waves of the types mentioned above are recorded. 

Approximately the same types of waves are observed also in records of 

powerful contact explosions. During underground and shallow-water 

explosions with about 20 kt intensity, transverse waves are recorded 

only in zone II and in the beginning of zone III. At a distance of 

A > 5,000 - 6,000 km, only P and PcP waves are observed, and also PP 

and PcS waves in some cases. In zone IV, only PKP (PKP and PKP2) 

waves are observed, and in some cases PKPPKP waves. During deep under- 

.-water, explos-ionr-v the-«records • have-tf ■fcôftfèWftât" 'cffTf èrènt* * character.'** ^ 

They are complicated by numerous groups of oscillations whose ampli¬ 

tude is commensurate with oscillations in the basic waves. The nature 

of these groups is not yet clear. Part of them are connected with 

repeated blasts, and part with reflections from the uneven ocean 

bottom. In observations along the continental channels, in zone II 

and in the beginning of zone III — m the area of arrival times of 

reflected PcP, PcS, ScS and other waves — the seismograms are compli¬ 

cated both by channel waves Lx, L±> and Lg, and also by Rayleigh and 

Love surface waves. In observations along the oceanic channels, they 

are complicated only by surface wwes: channel waves along the oceanic 

channels during explosions either ire not observed or are of low 
intensity Just as during earthquakes. 

Depending on the type of explos .on, changes^ are observed in the 

amplitude ratios of waves of différert types, as well as differences 

in the apparent periods of waves and in the durations of the oscilla¬ 

tion trains, and the appearance of some new groups of oscillations, 

particularly during underwater explosions. However, the travel times, 

the departure angles, the character of polarization, the trajectories 

of motion of soil particles, and other characteristics of the waves 

remain practically unchanged, regardless of the type of the explosion. J 

A short description of the records of seismic oscillations is 

given below. The description is more detailed for the P waves, which 

are most clearly recorded during underground, underwater, and contact 
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explosions, and also during the most powerful atmospheric explosions. 

As is known, P waves are of basic significance in detection and iden¬ 

tification of all types of nuclear explosions, with the exclusion of 

relatively low-power atmospheric explosions, in which the P waves are 

of a low intensity (explosions with a power of about 15 - 20 kt), and 

it is not always possible to record them at considerable distances of 

A > 1,000 - 2,000 km. 

1.-.  By .means-o£--the - arrival»-timos-of- -the P- waves , one- can •determine- — 
most exactly the epicenter coordinates of explosions with an accuracy 

of about +2 - 4 km, and the times of the focus with an accuracy of +1 

sec. The intensity of these waves can be used to estimate the power 

of the explosion [99, 110, 196, 326, etc.]. 

Characteristics of records of body waves. During the most 

powerful nuclear explosions (underground, underwater, contact, and 

atmospheric), type SK wide-hand equipment has been used to record 

exactly the arrivals of the P waves, which as a rule arrive in the 

compression phase.. In all cases, the P waves assume the form of a 

short oscillation train, consisting of one, or more seldom two or 

three oscillations, whose period depends on the type of explosion 

(see Figures 3» ^1, etc.). In all types of explosions, the shape of 

the records resemble each other. 

0 • 

The comnociteTable 25 gives data about the periods T of the waves 

recorded during various types of explosions and earthquakes, mainly by 

wide-band seismographs. The regions where they were traced are also 

shown. 

The dependence of the periods of explosion P waves on the epi- 

* central distance is very insignificant (Figure 43). 

The periods of oscillations in the body waves in the seismograms 

depend on the correlation between the frequency characteristics of 

receiving channel and the spectrum of the oscillation which is revere ;d 
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Figure 43. Dependence of periods Tp in P waves on the 

epicentral distance for nuclear explosions, carried 
out in various media. 1 - Atmospheric explosions; 2 - 
Contact explosions; 3, ^ - Underground and underwater 
explosions. Dots (3) indicate values obtained from 
records of seismographs with narrow passband; circles 
(b) indicate values obtained from records of wide-band 
seismographs. 

The least distortions of the periods, not exceeding several percent, 

are attained when the body waves of all types of explosions are 

recorded by wide-band equipment of type SK. When equipment with a 

narrow passband (SKM, USF, Benioff, etc.) is used, the periods of 

oscillations in the records are distorted considerably when the wave 

spectrum maximum lies outside of the passband of the equipment. 
0 

In cases when the passband of the equipment with a narrow band 

does not coincide with the spectral band — for instance, when one is 

recording the body waves of atmospheric or contact explosions — the 

dominant periods of the oscillations in the records of such equipment 

are considerably less (by 3-4 times) than those in the records of SK 

seismographs. 

During underground and underwater explosions, the spectral band 

falls within the range of the equipment passband with a narrow band, 

and in this case the periods in recordings from this equipment coii.ci 

17 3 

d 
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with, or are close to, the periods measured in the records of wide¬ 

band SK seismographs. 

In all types of explosions we tried to use records of body waves 

obtained with wide-band equipment of type SK with a passband from 0.2 

to 10 - 12 sec when determining the values of T in the seismograms. 

During low-intensity underground explosions and shallow-water 

underwater explosions (with Q < 20 kt), we were unable to obtain 

records with type SK seismographs, particularly in zone III. In this 

case the periods were measured by means of records of SKM, USF, and 

partly Benioff seismographs with a narrow passband. Here the periods 

of the waves recorded by seismographs of different types were compared 

by the spectra, into which corrections for the irregular amplification 

of the equipment had been introduced previously. 

It must be noted that, during powerful underground explosions, 

such as that of September 13, 1963, in Nevada (Q = 200 kt), that in 

Amchitka (Q = 80 kt), and others, the records of the body waves were 

simultaneously obtained in the same stations by means of both SK seis¬ 

mographs and SKM and USF seismographs with a narrow passband. This 

made it possible to compare the periods of the identical waves obtained 

by different types of equipment. The periods of the P waves were 

similar in the records of the SK seismographs and in those of the SKM 

seismographs. The difference in Tp usually did not exceed 40 - 50$, 

and only during the most powerful explosions did the periods of the P 

waves in the records of the SK seismographs exceed by two times the 

Tp in the records of the SKM seismographs. 

The shortest periods of the P waves (from 0.5 to 2.0 sec) were 

observed in the records of underground and shallow-water underwater 

explosions, while during explosions carried out recently in deep holes 

(h > 1,000 m), the periods of the waves in the range from 2,000 to 

10,000 km amounted to approximately 0.2 and 1.5 sec, respectively. 
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Somewhat greater values of the periods of the P waves (2.5 ~ 3*0 

sec) were observed during deep-water underwater explosions. The values 

of the periods in the P waves increased to 4 - 6 sec during contact 

explosions, although the largest values, on the order of 8 - 10 sec, 

were observed during atmospheric explosions. 

The periods of the body waves for each type of explosion, as a 

rule, depend very little on intensity. For underground explosions 

this question is examined in § 3 of this chapter. 

The periods of P and S waves of earthquakes with h <_ 100 km and 

M of 4.5 to 6.5, recorded in the interval of A from 30° to 100°, 

depend only slightly on A; the average values are Tp ^ 4.5 - 5 sec, 

Tg £ 7.5 sec (Figure 44). At a distance of A < 20°, a dependence of 

T and Tg on A is found. In this interval of A, the values of Tp 

increase from 2.5 sec at A = 10° to 3.5 sec at A = 25°, and those of 

Tg, respectively, from three to six sec. The growth of the periods 

noted in the given interval of A is apparently connected with the fact 

that, at a distance of A < 20°, the P and S waves are generally recor¬ 

ded from earthquakes with M <_ 4. At a distance of A < 20° this can 

generally be recorded by SK instruments only in exceptional cases. 

The question of the dependence of Tp and Tg on M and A in earthquakes 

is studied in [90]. 

t 

PP Waves. These waves are recorded during all types of explosions 

and have been traced during underground explosions in Nevada, during 

contact explosions in the Marshall Islands, and also during atmospheric 

and underwater explosions in the Pacific Ocean. These waves are traced 

in approximately the same range of epicentral distances as t^e corres¬ 

ponding waves of earthquakes. The areas in which the waves are traced 

during explosions are shown in Table 25. 

During underground explosions and shallow-water underwater 

explosions, the PP waves can be traced at a distance of A a 5»000 

6,000 km only during powerful explosions with a power of Q = 100 kt 

and more. 
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T,sec 

Figure 44. Dependence on epicentral distance A of 
periods Tp and Tg of dilatational P waves and trans¬ 

verse S waves of earthquakes with focal depth h > 
100 km and magnitude M * 5 - 6.5, from records of 
wide-hand seismographs. 1 - Unit values for Ts; 

2 - Averaged values of Tgj 3 - Averaged values of 

Tpj 4 - Maximum values of Tp. 

In the records of wide-hand and long-period seismographs, the 

records of the PP waves assume the form of short pulses consisting of 

1.5-2 periods. During contact and atmospheric explosions in most 

cases the arrivals of the PP waves are not clear. However, during 

powerful (Q on the order of tens of megatons) atmospheric explosions, 

and also during underground explosions (Q > 20 kt), the arrival of PP 

waves is clear, especially in the records of seismographs with a nar¬ 

row passband, in which it is clear that the PP waves arrive in the 

dilatation phase. The periods of the oscillations in the PP waves, 

as in the P waves, depend on the type of explosion and the parameters 

of the equipment adopted. However, for the type of explosion and the 

type of equipment in question, they are close to the periods of the P 

waves recorded at the same station (Figure 45). The same is observed 

also for earthquakes. 

For PP waves, Just as in the case of P waves, no noticeable 

dependence of the period on either the intensity of the explosion or 

on the epicentral distance is observed. 
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Figure 45. Comparison of periods of P waves (1) 
and PP waves (2) recorded on wide-band equipment, 
a - for earthquakes; b - for contact explosions 
in the Marshall Islands. 

PPP Waves. These waves were observed during powerful atmospheric 

explosions and during contact explosions in the Marshall Islands [1^5, 

I88], as well as during underground and deep-water underwater explo¬ 

sions. The arrivals of these waves are usually considerably less 

clear than those of P and PP waves, and it is usually not possible to 

establish the direction of their arrival. Thp periods in the PPP 

waves are approximately the same as those for the P and PP waves. The 

dynamic characteristics of these waves have not been studied by us on 

account of the insufficient experimental data. In [I88], mention is 

made of the fact that PPPP waves have been recorded during explosions, 

but they have not been observed clearly in the stations of the USSR. 

PcP Waves. These waves are observed in practically all kinds of 

explosions. During contact and underground explosions, the PcP waves 

are recorded in a range of A values from 13 to 88° [63, 65, 166, 175, 

etc.], and during atmospheric explosions down to somewhat smaller 

values of A. 

FTD-HC-23-721-71 177 



\ \ 
The shape of the oscillations in the fcçP waves is quite similar 

to the shape of the oscillations in P waves.' In most cases, it con¬ 

sists of one pulse oscillation (see Figure 7, g). Exactly like the P 

waves, the PcP waves arrive in the compression phase. Their periods 

are on the average 10Í less than the periods of the P waves. 

PKP Waves. PKP waves have been observed during contact explosions 

in the Marshall Islands [165, 236], underground explosions in Nevada, 

and underwater explosions in the Pacific Ocean. However, we have at 

our disposal only records of waves taken by Soviet stations during the 

underwater Wigwam explosion in the Pacific Ocean, and those taken by 

stations in Antarctica by SKM seismographs during explosions in Nevada 

at distances of 16,300 and 16,500 km (see also [99])» PKP^ and PKP2 

waves have been observed; their periods fall within a range from l.M 

to 1.6 sec. The largest amplitude (about two times greater) is that of 

the PKP1 waves (see Figure 41, b). 

S Waves. Records of S waves have been obtained within a consid¬ 

erable interval of epicentral distances (up to 9,000 km) in records 

of SK, SKD, Golitsyn, and other seismographs during contact explosions 

in the Marshall Islands, atmospheric explosions at Christmas Island, 

and elsewhere. 

During powerful underground explosions, records of S waves have 

been obtained in type SK and SKD equipment when A was at a distance 

of about 10,000 km. 

The arrivals of S waves during contact and underground explosions 

are in most cases unclear. During powerful atmospheric explosions, 

quite clear arrivals of S waves have been observed in a number of 

stations of the USSR. The periods of the S waves during atmospheric 

explosions in the records of SK seismographs amounted to about 5-12 

sec at distances of up to A=5,000 km (Figure 46). In records of Press- 

Ewing seismographs, they amounted to as much as 14 - 16 sec, and at 

larger A they reached 16 - l8 sec [145, 295]- 
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\sm\ 
iwo snapes ox une oscilla¬ 

tion train are observed in S 

waves. In a number of cases, 

the train consists of one or two 

oscillations. In other cases, 

the train consists of three or 

four oscillations. The periods 

of the first (sometimes of the 

first two oscillations) amount 

to 5 - 8 sec; in the second and 

third oscillations, the periods 

increase to 18 - 22 sec. The 

amplitude of the first oscil¬ 

lation is 2 - 3 times less than 

the maximum amplitude, and it 

is possible that the beginning 

of the wave recording may be 

distinguished somewhat later 

than the true arrival of the 

wave in some cases. 

The complex character of 

Figure 46. Spectra of dilatational oscillations in S waves, as 

P waves and transverse S waves described above, is connected 
recorded on wide-band seismographs 
during atmospheric explosions. with the superposition of 3a 

The spectra were corrected for waves on the S waves [339]. 
the uneven amplitude-frequency 
characteristics of the equipment 
at periods higher than 10-12 sec. in the records of a number 

of stations, such a sharp dif¬ 

ferentiation of periods in the first and ensuing oscillations in 

the oscillation train is not observed. Besides, in a number of cases, 

the periods of the S waves only slightly exceed the periods of the P 

waves. 

During underground explosions, the periods of S waves, recorded 

both by equipment with a narrow passband and by wide-band and long- 

period equipment, are obtained at distances of A > 4,000 - 5,000 k.i 
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only during the most powerful explosions. They amount to approximately 

2.0 - 2.5 sec. Those obtained by wide-band equipment at a distance of 

A £ 10,000 km are approximately 6-8 sec. 

SS Waves. These waves are recorded during powerful atmospheric 

and underground explosions, in the former case by wide-band and long- 

period equipment, and in the latter by these and also by equipment with 

a narrow passband. SS waves arrive against the oscillation background 

of the preceding waves, and the shape of their record is distorted by 

the superposition of other oscillations. The periods of SS waves are 

usually the same as the periods of S waves, but the amplitudes are 

1.5-2 times less than the amplitudes of S waves. SS waves during 

explosions have thus far been very little studied. 

SSS Waves. These waves have been recorded during powerful 

atmospheric explosions, and also during contact explosions in the 

Marshall Islands by seismographs of type SK and by long-period seismo¬ 

graphs . 

During other types of explosions, the waves were not clearly 

recorded. The character of the oscillations in SSS waves is the same 

as that in SS waves. The oscillation train consists of 3 - ^ oscil¬ 

lations with a period roughly the same as that of S waves. 

$ 

SKS Waves. In stations of the USSR, these waves have been recorded 

during contact explosions in the Marshall Islands by SK seismographs 

in the range of A 80 to 87°. Their periods and the character of the 

record are the same as those in S waves [63]. 

ScS Waves. ScS waves have been recorded during atmospheric 

explosions in a number of stations in Europe, Asia, and the USA. The 

fact that these waves can be identified with sufficient accuracy is 

indicated by the agreement between the differences in the travel times 

of the ScS waves and the P waves — for instance, at the Palisades 

station (A = 59°, 6) and at other stations. 
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PcS (ScP) Waves. These waves have been traced only during powerful 

atmospheric and underground explosions in stations of Europe and Asia. 

These waves can be distinguished chiefly according to the travel times, 

and by the character of the polarization. Their characteristics have 

not been studied. 

PPjç and SSk Waves. During numerous atmospheric and under- 

ground explosions, each carried out in the same regions, SK, SKM, and 

USP instruments, as well as long-period SKD and Press-Ewing seismo¬ 

graphs [1^5] have recorded seismograms in a number of cases for 

relatively intense waves arriving immediately 3-10 sec after P and 

S waves (Figure ^7). Hereafter these waves are indicated by PP^6^ 

and SSrkeri. In the hodograph in Figure 42, the PPkefl waves are indi¬ 

cated by darkened circles. The arrival of SSk waves is less clear 

than the arrival of the P waves, and they arrive in the dilatation phase. 

These waves considerably distort the shape of the envelope of the 

P waves. This envelope Is one of the most important criteria in 

identifying explosions. 

refl°r a given statlon> the differences in the travel times between 

PPk and P waves and between SS^6^1 and S waves differ little in a 

series of explosions carried out at the same point. For different 

stations they vary somewhat, depending on the thickness of the Earth's 

crust. For dilatational waves, they amount to 3 to 8 sec, and for 

transverse waves — from 6 to 9 sec. The differences in the travel 

times between^pp£efl and^P waves are given in Table 26. It is possible 

that the PPk and SsjJ6" waves may be waves which are reflected twice, 

in the region of the station, from intermediate boundaries in the Earth's 

crust. This is also confirmed by the fact that the difference in the 

travel times between PP^6^1 and P waves increases together with the 

increase in the thickness of the sedimentary layer in the region of th' 

station (Table 26). These waves pass through the initial and basic 

parts of the path as forward refracted P and S waves, after which th-y 

are reflected from the Earth's surface and again reflected from the 
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■30 sec- 

Pigure ^7. Example of a record of P and pprefl 
J , k 

waves during an atmospheric explosion (a * 2 900 
km). 5" 

TABLE 26. VALUE OF THE DIFFERENCE IN TRAVEL TIMES OF 

THE PPk AND P WAVES OBSERVED DURING ATMOSPHERIC 

EXPLOSIONS. 

Epicentral 
distance 
A, km 

pprefl 
k 

- P, sec 

Approximate 
depths to M 
discontin¬ 
uity, km 

Approximate 
thickness 
of deposit, 
km 

Rocks in the upper 
part of the section 

460 
1100 
1760 
1920 
I960 
2160 
2220 
2230 
2300 
2390 
2160 
2700 
2850 
2950 
3080 
3310 
3810 
3960 
4130 
5220 

8 
2 
3 

10 
4-5 

3 
5 
4 
6 
3 
4 
7 
3 
3 
4 

12? 
8 
4 
4 
8 

40 
25-30 

30 
40-45 

30 
30-35 

30 
30-35 

40 
30-10 

40 
40 
40 
40 
40 

40-45 
4d—50 

40 
40 

50-60 

3—5 
0 
0 
3 
0 
2 
0 
2 

3-4 
0 
2 
2 
0 
0 
3 

3—5 
10-15 

5 
0 

Permafrost 
Crystalline 

it 

h 

h 

Sedimentary 
Crystalline 
Sedimentary 
Permafrost 
Crystalline 
SedImentary 
Metamorphic 
Crystalline 

I« 

Sedimentary 

Crystalline 
tl 

intermediate boundary in the Earth's crust. It is possible that the 

granite-basalt boundary may be such a reflecting boundary. 



The author has observed PPr 
—— - k uok 

'refl and qq^efl 
and SS,. waves in the recordings _ K -—k »aves m tne 

. number of stations of the USSR also during earthquakes 

wavest0,the WaVeS eXamlned ab0Ve> °ne raust "«"«o» ‘he 1 
( gure 1)1, a), which are connected with repeated blasts during 

n water explosions and are traced clearly In a wide range of a 

[102]. These waves are of essential significance In Identifying under¬ 

water explosions and In determining their depths. 

broad”0 °ther b0dy waves have bee" observed which can be traced In a 
range o a as clearly as those described above. 

Separate observed phases, ordinarily traced In a range of a have 

not een deciphered (see, for Instance, the 1 phase m Figure ’ T 

or else we do not have the pertinent data fo/descrlbing them iJB‘ 
----- -»*• 

Trajectories of motion ln p waves. The trajectories of motion of 

o7:::;f therdium in p --8 -«b««- «^«ed for var^s 
f explosions. The trajectories were plotted In a vertical plane passim 

:tr:::i7::rer of the exFiosion - - — - - 
# 

partlcPÎesUrin\8' 7’ ScVeS °f traJ«ctorl« »>otlon of medium 
P leies ln P waves of contact and underground explosions. As Is 

clear from an examination of the trajectories given here, the motion 

exploesiönsPart!°T ^ P dUrlng COntaCt and u""«"8rpund 
xplosions, and also during underwater and atmospheric explosions 

(examples of the latter are not given here), Is the same as in the case 

the7l TT ThlS 13 3130 C0rr0borated hy tbe determinations of 

Table 27 eXPl0Sl°n eplcenters- data x"1“" are given in 
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Compression 

Compression 

epicenter 

-0,2 -4' 4' 4/4-V 

Figure 48. Trajectories of motion of medium 
particles in P wave, recorded: during contact 
nuclear explosion (A = 5,150 km): a - in 
horizontal plane; b - in vertical plane; 
during underground nuclear explosion (A = 
9,946 km): c - in vertical plane; d - in 
horizontal plane. For ease in tracing the 
trajectory, characteristic numbered dots are 
given in the diagrams. 
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The differences between the true values of the azimuths, and the 

imuth values calculated according to the ratio between the displace- 

ment amplitudes in P waves in the recordings of the horizontal compon- 

wav« Ire1,?1 thln the range °f ^ t0 20 The deParture “«1« of the P 
waves are also very similar to the calculated values. 

i 2. Comparison of the Travel Times of Waves 

Nuclear Explosions and Earthquakes 

If we know precisely the epicenter coordinates of atmospheric, 

contact, underground, and underwater explosions with an accuracy of 

factions of a second of an arc, and the times in the focus and in the 

epicenter, in some cases with an accuracy of up to 0.001 sec, and if 

the explosions are carried out repeatedly in the same region, we can 

determine the travel times of the body waves with a high accuracy 

(up to +0.1 sec) and compile more exact hodographs for them. This 

opens up new possibilities for using them for further study of the 
structure of the Earth. 

. '°ne 1‘ a relatlvely thorough comparison of the travel times 

llatatlonal waves has been carried out for regions adjoining the 

test grounds of Nevada [168, 258], Alaska, Australia [192, 193] New 

Mexico [219, 322], the Pacific Ocean [165, 175-181, 199, 236) the 

Sahara [260], and other regions. ’ 
# 

For zones II, III, and IV, the most extensive comparison of the 

travel times has been carried out for P waves, and somewhat less 

extensively for PP, PcP, PKP, s, and SKS waves, recorded during con¬ 

tact nuclear explosions carried out in the Marshall Islands. For the 

P, PP, PKP, and PcP waves, a similar comparison has been made for 

underground explosions carried out in Nevada, in the Marshall Islands 

in Amchitka, and in other regions [168], Comparison of the travel 

times has not yet been carried out for PS, PPP, SS, SSS, SSSS, ScS 

and other waves during explosions or earthquakes. This is connected 

with the fact that it is only possible to record the arrivals of the 
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reflected waves, both monotypic and exchanged, less clearly than the 

arrivals of direct waves. 

Hodographs of body waves. Below is a brief summary of the 

results obtained previously fron, a comparison of hodographs of the 

body waves recorded in all three zones during explosions with Jeffreys- 

Bullen (J.B.) hodographs for a surface focus [237], 

The data on the travel times of the body waves obtained during 

the first powerful explosions were compared with the travel times 

calculated from the Jeffreys-Bullen hodograph compiled from the 

observations of travel times of earthquake waves. The first results 

revealed very good agreement between the travel times of the P waves 

during explosions and during earthquakes (Table 28). 

P waves. The average deviations of the travel times of the P 

waves were 2 - 1.5 sec less than those calculated from the J.B. hodo¬ 

graph, and it appeared that the averaged values of the deviations 

depended on the region of the explosion epicenters, the epicentral 

distance, and the azimuth. 

This decrease in the travel times of the P waves is connected by 

some authors with the absence of a granite layer in the region of the 

epicenter (oceanic type of structure of Earth’s crust) and with the 

decrease of crust thickness to about 13 - 15 km [222]. In [236] it 

is stated that the decrease in the travel times tp may be caused, not 

only by structural features of the crust in the epicentral region, 

but also by inaccuracies in the J.B. hodograph. 

In [168] new tables were compiled of generalized travel times of 

the P, PP, PcP, and PKP waves for the surface focus according to data 

obtained during explosions. On their basis, tables of travel times 

for earthquakes with focal depths of up to 700 km were recompiled for 

these same waves. A new model of the mantle structure was also 

proposed in the same work. 
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PP Waves. The deviation of the travel times of the PP waves from 

the times calculated according to the J B. hodograph amounted to -5 

sec. Since, in this case, PP waves with their points of reflection in 

the region of the Pacific Ocean were examined, the decreased travel 

times of the PP waves may be caused both by the features of the crust 

structure under the oceans and also by the inaccuracies of the J.B. 

hodograph for the PP waves [63]. 

PcP Waves. The travel times of the PcP waves were 3-6 sec less 

during explosions in the Marshall Islands, and 1.88 +0.77 sec less 

during explosions in Nevada [63, 65, I66, 175]. 

In the opinion of the author of references [63, 65], this may 

be caused by the inaccuracy of the velocity profile of the Earth, by 

the somewhat greater (by 10 km) radius of the Earth's core, and by a 

number of other causes. In [236] the possibility is mentioned that 

somewhat increased values of P wave velocities may exist in the lower 

mantle in comparison with their values calculated according to the 

J.B. hodograph. 

PKP Waves. During explosions in the Marshall Islands [164, I65], 

it was established that within the range A = 15,200 - 15,600 km, the 

PKP waves arrive sooner, correspondingly, by 6.2 - 11.1 sec, than 

would be expected according to the J.B. hodograph. In [164, I65], 

this is related to tne hodograph loop for thèse waves at a distance of 

A = 15,760 km. During underground explosions in Nevada, the travel 

times of PKP, and PKP0 waves observed at a distance of A * 16.,500 km 

coincide within an accuracy of approximately + 1 sec with the times 

calculated according to the J.B. hodograph. 

S Waves. The mean deviation of the observed travel times of the 

S waves in the given range of A (Table 26) from the times calculated 

from the J.B. hodograph amounted to +4.0 +1.3 sec during contact 

explosions in the Pacific Ocean, according to [65]. A possible 

explanation of the observed increase in the travel times according to 
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[63] may be a somewhat lower velocity of the transverse waves in the 

upper part of the mantle. 

SKS Waves. The correction for the J.B. hodograph for SKS waves, 

according to [63], is +5.0 +2.0 sec for contact explosions in the 

Pacific Ocean. During explosions emanating from other regions, the 

corrections, for the travel times of the SKS waves have not yet been 

calculated. 

Pn Waves. According to experimental data, the hodograph of the 

ailatational waves recorded as the first waves in seismograms, with A 

ranging from 200 to 1,500-2,000 km, is linear. If there is horizontal 

stratification of the M discontinuity, the equation for this assumes 

the following form: 

ip=a + 6A°. 

The values of a and b vary within the ranges shown in Table 29, 

depending on the region. 

According to the data in [237], the coefficients a and b almost 

coincide during explosions and earthquakes for the identical region 

of Northern Europe. (When comparing values of a, the fact must be 

taken into account that the value a/2 has been given for earthquakes, 

since travel times of waves from earthquakes, with a normal focal 
$ 

depth of 33 km, are being considered.) 

On account of the special structural features of the medium 

(Nevada, the Pacific Ocean), regional hodographs of explosions differ 

somewhat from the averaged hodograph obtained from the data on earth¬ 

quakes. This also applies in equal measure to the regional hodographs 

of earthquakes. 

Thus, a comparison of the travel times of dilatational and 

transverse waves caused by explosions of various types, with the 

travel times determined according to the J.B. hodograph, reveals that 
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there are some differences between these times. 

The corrections of the J.B. hodograph for P and PcP waves for 

different regions amount to 1.5 - 2 sec, and to 4 sec for S waves. 

For PP, PPP, SS, SSS, and other waves which arrive against a back¬ 

ground of waves arriving earlier, the corrections depend on the regional 

structural characteristics of the crust of the points of reflection 

and observation. According to preliminary data, they do not exceed 

+4-5 sec. 

The travel times of P waves in zone III in continental stations 

in all types of explosions in general depend very little on the 

regional characteristics in the region of observation, but they depend 

to a considerable degree on these characteristics in the region of the 

focus [326]. Therefore, by using the travel times of the P waves and 

taking into account the above mentioned average corrections, one 

can determine by the method of successive approximations the coordi¬ 

nates of the explosion epicenters with the greatest accuracy (to about) 

i.^5 — 10 km), even without taking into account the regional correc¬ 

tions in the observing stations [99, 198]. When the regional correc¬ 

tions were taken into consideration, the accuracy of determining the 

coordinates in individual cases was increased to + 2 km with a 90¾ 

reliability level [198, 207, 279, 326]. 

The travel times of dilatational waves in zones I and II In a 

number of regions depend to a considerable degree on the regional 

seismogeological structure along the travel path of the waves and in 

the region of the observing station. Therefore, when using them to 

determine the epicenter coordinates, it is necessary to take into 

account the regional corrections of the travel times of the waves. 

In such cases, the accuracy in determining the epicenter coordinates 

is about + 2 km, according to [198]. 

The travel times of other body waves — PP, PcP, PKP, and 

others — can also be used to determine the coordinates of the epi¬ 

centers. However, the ac.-uraoy with which they are determined will 
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be somewhat lower than it would be if data on the travel times of 

the P waves were used. 

When the explosion epicenters are located in oceans, one must 

take into consideration a correction for the regional structural 

features of the Earth's crust at the epicenter of the explosion. 

A large amount of factual material has been collected at the 

present time concerning the travel times of seismic waves during 

explosions in different regions, and it has been published in seismic 

bulletins. This material makes it possible to attain a higher pre¬ 

cision in hodographs of transverse waves in all the zones, and to make 

use of che more precise hodographs in studying the Earth's structure. 

The connection of ¿tp with the regional features in the magnitude 

values. A comparison was made of the deviations of the magnitudes, 

and the corresponding deviations in the travel times of the P wave!, 

from the values determined according to the J.B. hodograph. The 

comparison was made for stations located in various regions [103]. 

The values of 6tp were taken from work [63], in which they were 

obtained from data on the travel times during nuclear explosions 

carried out by the USA in the Marshall Islands. In the present work, 

6tp represents the difference in the average values of the observed 

travel times of P waves and the travel times determined by the J.B. 

hodograph. The values of ôtp for earthquakes' were determined in [76]. 

The results of comparing the corrections Am and 6tp for explosions 

are presented in Figure 49. It is clear from this that there is no 

clearly expressed dependence in the pattern of corrections Am (graph I) 

and 6tp (graph I). The corrections 6tp for the majority of the sta¬ 

tions fall within the accuracy range of 6tp of (+0.6 sec), regardless 

of the regions where the stations are located. For the Am corrections, 

there is a distinctly expressed tendency towards an increase of this 

value in the Central Asian stations located in regions with a thick 

layer of sedimentary rocks. The values of Am exceed by several times 

the errors in calculating m, and in individual stations they reach 

approximately 0.4 - 0.5 units of magnitude. 
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Figure 49. Comparison of averaged 
station corrections (II) with the 
corrections of 6t in the travel 

P 
times of P waves (I) for stations 
of the USSR. .1 - mean values of 
Am; 2 - mean values of 6t; 3 - 
for stations located in crystal¬ 
line rocks, signs 1 and 2 are 
darkened. 

I - Kur; 2 - YU-S; 3 - Vld; 4 - 
Smp; 5 - Rbch; 6 - Alm II; 7 - Mg; 
8 - KHrg; 9 - Sbr; 10 - Stations; 
II - Ptr; 12 - Vr. 1; 13 - Mgd; 
14 - Kkht; 15 - Kb; l6 - Irk; 17 - 
Nr; 18 - Fr; 19 - An; 20 - Fg; 
21 - Dzh; 22 - Grm; 23 - Tshk; 
24 - O-Grm; 25 - Smd; 26 - Ashkh; 
27 - Kub 

0 

S 3. Dependence of the 

Oscillation Period of Dllata- 

tlonal Seismic Waves on the 

Power of Underground Nuclear 

Explosions 

The dependence of the 

predominant periods of the 

oscillations of dilatational 

seismic waves on the TNT 

equivalent Q during underground nuclear explosions has been studied 

very little as of the present time. At the same time, this question 

is extremely important in detecting and identifying underground 

nuclear explosions. One must know the dependence of T on Q, among 

other things, in order to assess the possibility of applying criteria 

based on differences in the periods of body waves, caused by'explo¬ 

sions and earthquakes, to the identification of underground nuclear 

explosions of various intensities. 

On the basis of the seismic records obtained during underground 

nuclear explosions in a number of regions, an attempt was made to 

assess approximately the dependence of T on Q for dilatational waves. 

Records at our disposal of explosions carried out in Nevada and in 

other regions, whose intensities varied within the range of a factor 

of 10^ (Table 30), were utilized for these purposes. The inforraation 

about the TNT equivalents and about the conditions under which the 

explosions were carried out in the Nevada region were taken from 

published works (see Tables 30, 33, 34). 

It must be noted that different authors give somewhat different 

values of the TNT equivalent for the same explosions. This indicates 
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TABLE! 30. MEAN OSCILLATION PERIODS IN P WAVES 

during underground NUCLEAR EXPLOSIONS 

AvnNFADA» USED IN DETERMINING THE VALUES OP a 
AND b IN THE FORMULA V- 

TZaVQ 

Data Q, kt h,m 
Range of 

f A, km 
Number of 
stations 

— 
r4, sec 

13.IX 1963 
15.X 1958 
30.X 
15.IX 1961 
I2.V 1962 
27. VI 
5.X 

23.XI 1963 
i 

200 
5 

19 
2.4 
37 

44-56 
40 

12,5 

705 
255 
256 
402 
438 
412 
495 

400-500 

8400-11000 
1100-8300 
1100-10800 
6800-10000 
6800-10000 
6800-10000 
6800-11000 
6800 -11000 I 

40 
8 
9 

11 
44 
34 
12 
10 

1.5 ±0,01 
1.0 ±0,0 
1.07 ±0,1 
1.0 ±0,01 
1,21 ±0,01 
l,16±0,0l 
1.2 ±0,01 
1,23±0,01 

TABLE 31. MEAN OSCILLATION PERIODS IN BODY P , P* 

AND P, AND Sn WAVES RECORDED IN THE USA DURING 

^¡JERGR0UND NUCLEAR EXPLOSIONS OF DIFFERENT INTEN¬ 
SITIES, AND THE CORRESPONDING VALUES OF b AND 

amean IN THE FORMULA 

Type 

of wave 

P»according to 
/»• 
P 

[350] 

Name of the explosion 

Blanca Logan 

it 

T» 

0,62^:0,07 
0,6i±0,05 
0,68±0,I2 
0,93±0,19 
!,07±0,11 

Rainier 

TNT equivalent Q, kt 

J » r 
n * 

5 
5 
4 
3 
9 

0,62±0,08 
0,68 ¿0,0* 
0,70±0,10 
0.75±0,15 
0,9i¿0,13 

I.T 

5 
5 
2 
2 
8 

0,56 ¿0,11 

0,60¿0,11 
0,85¿0,16 

7 
8 



TABLE 31 continued 

Type; 

of wave 

Name of the explosion 

b 
mean a 

mean 

Neptune Tamalpais 

.TNT equlva .ent 0, kt 

0.0* 0.072 

T N T N 

Pn 
according to [350] 

P* 
P 
Sn 

0,57 

O,48±0.0* 

2 0,67±0,08 

0,5±0,05 

0,6±0,05 

2 
2 
2 

20 

20 

20 

14 

9 

0,55 

0,55 

0,65 

0,8 

0,9 

T - period in sec, N - number of observations. 

that it is determined inaccurately. 

The values of Q given in Tables 30 and 31 were adopted in 

considering the results of the seismic observations obtained during 

the explosions under discussion here. In [350], a special study was 

made of the dependence of the half-period Tq^ of the first oscilla¬ 

tion in the Pn wave on the TNT equivalent during explosions of the 

Hardtack-II series. The explosions of this series were carried out 

in porous volcanic tuffs of Nevada under approximately identical 

conditions. In [350], the fact was established that there was some 

increase (amounting to as much as about 30%) of the half-period T01 

of the first oscillation in the P wave, when the TNT equivalent of 
n 2 

the explosion was increased by a factor of more than 10 (from 0.072 

to 19 kt). 

In the present work, the dependence of T on Q was studied for 

the periods of maximum oscillations in body waves of various types: 

P and S waves in the interval A = 200 - 900 km; P* waves, corre- 
n n 

spending to the intermediate boundary in the Earth’s crust (granite- 

basalt); and also direct refracted P waves observed at excentrai 
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distances from 1,200 to 11,000 km. The records obtained with seismo¬ 

graphs with a narrow passband were studied. The average periods of 

oscillations in the body waves, measured on the seismograms of the 

above-mentioned explosions, are given in Tables 30 and 31. 

In studying the dependence of T on Q, it seemed to us more 

advisable to examine the periods of maximum o .dilations, rather than 

the first half-periods of the oscillations in the waves, as had been 

done in [350] in studying the Pn waves. The problem is that the 

identical maximum phases of oscillations in a train of body waves can 

be identified more easily in records obtained at different epicentral 

distances than can the first half-periods of the oscillations. In a 

number of cases, it was not possible to distinguish the first half¬ 

periods at all in the records, especially for waves recorded in the 

ensuing arrivals. This is connected with the stronger attenuation of 

the first oscillation due to its composition, which has a higher 

frequency in comparison with the frequency composition of the ensuing 

oscillations [100]. 

In studying the dependence of T on Q, both in this work, and in 

C350], the average periods of oscillations, measured in records 

obtained at various epicentral distances, were examined. Such aver¬ 

aging of the periods is permissible only when the oscillation period 

does not change with changes in the epicentral distance. For the P 

and P* waves, these requirements were satisfied within certain ranges. 

This fact can be verified by analyzing the periods at different epi¬ 

central distances during the identical explosions. 

A constant peridd in the entire area of recording the P waves on 

the Earth's surface, within the measurement accuracy, was noted during 

nuclear explosions carried out in various regions. 

Figure U3 shows the distribution of the periods of the maximum 

oscillations in the Pn waves at epicentral distances from 200 to 1,000 

km for explosions with very similar intensities. 
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The- periods of direct dilatational refracted P waves, recorded 

at the above explosions by equipment with a narrow passband, also 

underwent insignificant changes together with an increase in the epi- 

central distance. Therefore, besides comparing the T periods for P 

waves at identical epicentral distances during explosions of 

different intensities, one can also compare the average values of T. 

The fact must be taken into account that one is averaging data observed 

at- the same epicentral distances at the identical number of stations. 

However, it must be noted that sufficiently strong records of P 

waves, which were useful for determining the periods of oscillations 

reliably, were obtained in the USSR within the range of A = 2,000 - 

11,000 km, and the periods of the oscillations underwent very insig¬ 

nificant changes with changes of A. 

An approximate estimate of the increase in T with increase in Q 

was sought in the form of the following expression: 

r-oPT. (17) 
where T was expressed in seconds, and Q in kilotons. 

The average value of b for Pn and P* waves is 20 (see Table 31). 

The average value of b for P waves is 14 + 1.6. Taking into account 

the scattering of the values of T, the accuracy’with which b is 

determined apparently does not exceed + 20¾. The value of Q in 

expression (17), numerically corresponding to the oscillation period 

during an underground nuclear explosion with a TNT equivalent of Q = 1 

kt, differs somewhat for waves of different types. Its approximate 

value for PQ and Pn waves is a £ 0.055; for P* waves, it is a £ 0.65. 

For P waves, it is a £ 0.8. 

• 

The approximate values of b, and especially of a, have a local 

character. In explosions in rocks which have different physical 

parameters (velocity, density, porosity, etc.), the values of a differ 
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from those found for explosions in tuffs. This is indicated particu¬ 

larly by the fact that the periods of Fn and P waves decrease by 

approximately 1.2 - 1.4 times during explosions carried out in 

denser crystalline rocks (for example, in Amchitka, etc.). A decline 

has also been noted in the period during the explosions of Gnome 

and Salmon, which took place in salt beds, in comparison with the 

periods of the same waves during explosions in Nevada, which were 

carried out in porous volcanic tuffs. 

The variation limits of the value of b depending on local 

conditions will apparently not be as significant as the variation 

limits of a. On the basis of the small amount of data obtained 

during explosions in hard crystalline and metamorphic rocks, it has 

been shown that the value of b will vary by no more than + 1% of its 

value found for P v/aves during explosions in tuffs. 

Powerful underground explosions with a TNT equivalent on the 

order of several hundreds of kilotons are carried out at considerably 

greater depths than explosions with a power of one or tens of kilo- 

tons. The increased depth in these cases is due to the necessity of 

preventing ejection of soil onto the surface and pollution of the 

air with rrd’oactive products. 

At greater depths, the values of the density and velocity of 
$ 

the surrounding rocks will be greater than at lesser depths (Table 

32). As has been established in deep explosions, the latter circum¬ 

stance leads to a certain decrease of the period in P waves. 

Consequently, in determining the dependence of T on Q, if 

recordings are used of explosions carried out at different depths, 

in particular at depths of about 300 or 700 - 1,000 m, we will 

obtain a value of b which is too large in formula (17). This has 

been actually observed. If the value of b is to be determined from 

the explosion data of Blanca and Logan and the data on the explosion 
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TABLE 32. DENSITIES AND VELOCITIES OP DILATATIONAL WAVES FOR 

SOME SEDIMENTARY AND CRYSTALLINE ROCKS 

Loess 

Filled-up ground 

Recent alluvium 

Alluvium at consider 
able depth 

Dry sand 

Water-saturated 
sand 

Clays 

Clays 

Chalk 

Volcanic tuff 

Glacial ice 

Hard limestone 

Rock salt 

Barite 

Basalt 

Granite 

Acmitic schists 

Norite 

Magnetite schists 

Sandstones 

Sandstones and 
schists in perma¬ 
frost zone 
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of September 13, 1963, carried out at a depth of h ¾ 705 m, then 

the value obtained will be b y 20. 

It Is Interesting to note that, during underground TNT 

explosions, the period of the seismic waves depends to a greater 

degree on Q than in the case of nuclear explosions. Thus, for 

example, from the graph given in [89] for direct dilatational Pq 

waves caused by underground TNT explosions in porous sedimentary 

deposits, one can conclude that 

T(sec) 55:0,5^ Q(kt) . 

The fact that the dependence of T on Q is greater during under¬ 

ground TNT explosions than during underground nuclear explosions 

may be due to the fact that, on account of the necessity of increas¬ 

ing the dimensions of the blast chamber when the charge is increased, 

the focus dimensions during TNT explosions undergo considerably 

greater changes than the focus dimensions during a nuclear explosion. 

Besides, a definite role may be played in this by the considerably 

shorter duration (about 10"7 sec) of the influence of forces in the 

source during nuclear explosions than during TNT explosions. It must 

also be kept in mind that in [4, 89] the studies pertained to waves 

recorded at close distances A, on the order of one to tens of kilo¬ 

meters, while in this work waves recorded at» distances of A > 200 km 

are considered. 

The above-mentioned weak dependence of the periods of body waves 

of underground nuclear explosions on the size of their TNT equivalent 

is utilized when distinguishing the recordings of underground nuclear 

explosions from recordings of earthquakes with a comparable or greater 

magnitude on the basis of frequency criteria. 
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5 Dimensions of Cavities Formed During 

Underground Nuclear Explosions, and Their Dependence 

on Intensity and Explosion Conditions 

In [15^, 24l], it was established that the dimensions of the 

radii of blasting cavities formed during underground nuclear 

explosions completely camouflaged are relatively small. For 

explosions of several tens of kilotons, the radii do not exceed 

several tens of meters (Tables 33, 34). 

For camouflaged nuclear explosions carried out by the USA in 

four media (tuff, alluvium, granite, and rock salt), it was 

established in [154, 24l] that the following empirical dependence 

holds for the radius Rk(m) of the blast cavity on the intensity of 

the explosion Q(kt), the depth of the explosion H(m), and the 

density p (g/cm^): 

7?*-(59-^-80,9)-^-. 
(P h)u (19) 

The values of calculated by formula (19) practically coincide 

with the observed values. 

As is clear from formula (19) and Table 33, the dimensions of 

the blast cavities, and possibly the dimensions of the destroyed 

zones increase very slightly with increased explosion intensity, 

depth of location, and properties of the rocks surrounding 

the explosion during camouflaged nuclear explosions. 

The radii of the blasting craters in alluvium formed during 

nuclear explosions are approximately the same as those during 

comparable TNT explosions. In [24l], it is indicated that there 

may possibly be a decrease in the crater dimensions by 10 - 201 

during an explosion in basalt involving ejection of soil, that is, 

in denser rocks [241, 280, 282]. 
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TABLE 31». RELATIVE PORTION OF ENERGY OF SEISMIC WAVES Es/Etot IN 

PERCENTAGES, AS OBSERVED DURING UNDERGROUND NUCLEAR 

EXPLOSIONS, CARRIED OUT IN DIFFERENT ROCKS. 

Date of 
Explosion 

10.IX 1057 

Name of Region of 
Explosion Epicenter 

Rocks 

Rainier Nevada Volcanic 
tuff 

Depth 
h, m 

pvlO5, 

g/cm «sec 

274 3.S-4.8 

16.X 1&5S Logan 2S3 4,0-5,0 

:50.x 
15.1 X 1001 
12. V 1902 
23.111 
14.1V 
13.1 X 1063 
31.XII 1061 

Blanca 
Antler 
Aardvark 
Huzik 
Pleit 
Mlbee 
Fisher 

> » 

> * 

> > 

Tuff/alluviun 
Alluvium 

> 

» 

301,1 
402 
43d 
157.4 
191.5 
705 
363.6 

4,0-4,6 
4.5 
5.1 
2.9 
2.9 

5.1-5,5 
2.9 

13.XII 
9.1 1962 

1S.I 
8.11 
9.11 

19.11 
23.11 
8.111 
5.1V 

27.VI 
6. VII 

15.11 
26.X 
5.VI1 
l.V 

10.XII 1061 
22.X 1964 

Med 
Stoat 
Agouti I 
Stimuoter 
Armadillo 
Scintilla 
Cimaron 
Brazos 
Doormouse 
Haymaker 
Sedan 

Hardhat 
Shoal 
Denny Bay 

Gnome 
Salmon 
Longshot 

» 

» 

> 

» 

» 

» 

Tuff/alluvium 
> » 

> » 

Sahara 
New Mexico 

Mississippi 

Amchitka Is. 

> > 

Dry 
alluvium 

Granite 
» 

Basalt 
» 

Salt 
» 

Andesite 

181 
306.5 
234.7 
131.1 
242.8 
153.7 
301.8 
256.3 
261.1 ’ 
412 
202 

280,2 
307.4 
33,5 

200 
300.6 
753 
700 

1.4- 2.0 
2.9 
2.9 ' 

1.4- 2,0 
1.4- 2,0 

2.9 
2.9 
2.9 • 

2.9 
2.9 

1.4- 2,0 

12.9 
14-15 

8.9 
10 
9-10 
10,92 
16,5 

(Table continaed on next page) 
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TABLE 34. 

Name of 
Explosion 

Rainier 

Logan 

Blanca 
Antler 
Aardvark 
Huzik 
Pleit 
Bilbee 
Fisher 

Med 
Stoat 
Agouti I 
Stimuoter 
Armadillo 
Scintilla 
Cimaron 
Brazos 
Doormouse 
Haymaker 
Sedan 

Hardhat 
Shoal 
Denny Bay 

Gnome 
Salmon 
Longshot 

RELATIVE PORTION OP ENERGY OF SEISMIC WAVES E /E IN 

PERCENTAGES, AS OBSERVED DURING UNDERGROUND NUCLEAR 

EXPLOSIONS, CARRIED OUT IN DIFFERENT ROCKS 

<N 
g 
ÖD 
* 
a 

1.0 

1.8 

1.8 
1.9 

1.8 
2.2 

1,8 

1.8 

1.8 
1.8 

2.7 
2.7 
2.4 
2.4 
2.3 
2.4 
2.7 

Q, kt 

'1.7 

5,0±0,2 
0.4 

10.0±1,5 
2.46Í0.25 

37±7,0 
3.1-t0.3 
1.7±0,15 

200 
I3.5±l,i 

1.6 
0,43±0.04 

4.3 
5.9 

2,7±0,3 
6,6 
1.8 

H.2±2 
7,8±l 

9.7 
56-8,0 

100¿t5 

5.0x1,0 
12,5x2,0 
0.42±0,08 

16 
3,1x0,5 

5 
SO 

to 
c « o PS 

C "H C/5 
<0 4J CA 
41 «0 ¡3 

BB M 
c °' 

5.0±0,1 

5.2±0,1 
4.9 
5.4 

4.75 

6,12 
5,07 

4.8 
5.0 
4.9 

5,36 
4,95 * 

5.4 
5.4 
4,55 
5.4 
5.0 

6,0±0,05 

ao 

cm 

O u 
M 00 

X -H 

o 
I 

(3 
W 

T» O 
UU O r/3 
S'3 (0 

4,79 

5.0 

5.2 
4.9 

5.8 
5,02 

4,29 
4,88 
5.1 

4.96 
5.3 
5.1 

5.4 

5.4 
5,0(1,9) 

5,24 

Es/Etof 1 

Eg according 
to formula (31) 
in Chapter VII [251] 

0,27 

0,30 

0,23 
0,34 
0,30 
0,13 

0,36 
0,13 

0,04 
0,09 
0,22 

.0.17 
0,13 
0,11 
0.11 
0,17 
0,021 

1.5 
1,35 
0,22 
0,74 
0,63 
0,57 
1,65 

0,20 
0,31 
0,16 
0,18 
0,25 

0,09 
0,29 
0,09 
0,28 
0,10 
0,17 
0,14 
0,06 
0,17 
0,07 
0,08 

0.60 
0,24 

UH-g! 
OO X 

o Pi 0) M 
3 M >, •H C 

•a at -H 
3-SS 

3 U 

19,8 

28 

41.2 
19.8 

25.9 
21,6 

11.3 

24,7 

32.6 
27.7 

Soil cast up, 
bound charge 

19,2 
25,6 

Soil cast up 
17.4 

18 
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Dimensions of destroyed zones during underground nuclear 

explosions. This question has been studied very little, since it 

entails great expenses in drilling and cutting through underground 

areas such as adits, drifts, etc., and also other technical diffi¬ 

culties. At the present time there is information about the dimen¬ 

sions of the destroyed zones in 35 explosions in alluvium, tuff, salt, 

and granites [154]. In these cases, the zone of visible disturbances 

in the rocks, established by the presence of cracks in them, did not 

exceed 2-3 radii of the underground cavity at the level of the 

explosion point, as much as 1.5 radii below and from 6 to 8 radii 

above along the cylindrical cavity (the duct). 

However, the zone of disturbances established according to the 

decrease in the seismic wave; velocities was considerably greater 

and amounted to approximately 4-10 radii of the underground cavity. 

The configuration of the disturbance zone was asymmetrical, and was 

elongated in the direction of the underground adit. 

Comparison of radii of cavities during underground nuclear 

explosions and radii of circular fault during earthquakes. In 

[55]» it was shown that for a three-dimensional model of the focus 

of an earthquake, the radius d of the circular fault is approxi¬ 

mately : 

(20) 

where Es is the seismic energy pertaining to the focus. Substituting 

the value of Es [see below, formula (21)], we find for earthquakes: 

</s«(8,5s-25,5)-^10*'4m". (21) 

The values of d, calculated by formula (21), are given in Table 33. 

From a comparison of the observed values of the radii of 

cavities during underground explosions (Table 33) and the values 
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of d for earthquakes with the same magnitude m, it is clear that the 

radii of the circular ruptures exceed by 20 - 60 times (for example, 

for granites) the radii of cavities in explosions. These differences 

increase considerably with increasing m. 

It is quite likely that the differences in and d may be due 

to the fact that, in underground explosions, the dilatational waves 

have shorter periods than in earthquakes with the same magnitude 

(Figure 43). The basic factor determining the periods during 

explosions apparently is the shorter duration of action of the 

forces in the source [9^]. 

Even when the dimensions of the destroyed or crumbling zones — 

constituting 2-3 radii of the cavity at the level of the explosion 

center — are taken into consideration, this will not make any 

practical difference in the calculation results. 

§ 5» Dependence of the Seismic Effect of Underground 

Nuclear Explosions on the Elastic 

Properties of the Surrounding Rocks 

It has been established experimentally that the focus-related 

energy E of seismic waves caused by underground nuclear explosions 
o 

depends on the elastic and absorbing properties of the rocks 

surrounding the explosion, which are characterized by velocity Vp 

of the dilatational waves, density p, porosity (Table 32), and the 

water saturation. A role of considerable importance is played by 

the depth at which the charge is laid. In explosions with charges 

of an equal intensity, i.e., equal energy Etot> placed in chambers 

of the identical dimensions, but in different rocks, the energy of 

the seismic waves will be greater, the greater the velocity of the 

waves and the density of the rocks surrounding the explosion, and 

also the greater their water saturation [331> 350]. The most 

significant damping of the energy of the seismic waves — up to 150 

times, in comparison with the energy of explosions in granites — 

was observed in an explosion with ejection of soil in dry alluvium 
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(the Sedan explosion). The acoustic stiffness in dry alluvium is 

about 7-10 times less than in granites. 

The dependence of the energy of seismic waves and their spectrum 

on the properties of the rocks surrounding the charge, and the 

influence of the depth of the charge, are well known in seismic 

prospecting. In order to enhance the effect of explosions and to 

produce seismic oscillations of a definite spectral composition, 

explosions during seismic prospecting are carried out in h*'les with 

a depth of up to several tens of meters, and these holes are flooded 

with water. 

In several works [2^11, 229, 331, 350 etc.], an attempt was made 

to give a quantitative characterization of the dependence of the 

amplitude or the energy of the seismic waves on the properties of 

the rocks surrounding the explosion. However, the properties of the 

rocks in these cases were usually characterized only approximately, 

mainly by the name of the rocks only. Exceptions are the references 

[331 and 350], in which the properties of the rocks were character¬ 

ized qualitatively. In [331], a correlation between the intensity 

of the seismic oscillations and the porosity of dry samples of the 

rocks surrounding the explosions is demonstrated. 

At the present time, experimental material has been accumulated 

which allows us to make more valid qualitative'assessments of the 

dependence of the relative portion of the energy of the seismic waves 

(not only according to Pn waves, but also according to P waves) caused 

by underground nuclear explosions on the properties of the surrounding 

rocks. As is known, the detection and identification of underground 

nuclear explosions by national agencies is being carried out almost 

exclusively by means of the P waves [182, I83, 337, 3^, etc.] and 

the Rayleigh waves LR. 

Unfortunately, the literature gives information about the 

surrounding rocks, the intensities of the explosions, and the 
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conditions under which the explosions were carried out, only for a 

very few explosions: for only about 20 explosions out of a total 

number which exceeds 300 [2^1]. As for information about the 

dimensions of the blast chambers, which also influence the ratio 

VEtot> such ini,°rmatlon has been given only for isolated cases 

(for the Rainier explosion [239], the Sedan explosion [2i»l], and some 

others ). 

Table 32 gives the velocities of dilatational waves and densities 

in different rocks in their natural environment at depths of from 

0.001 to 1—2 km, that is, at presently accessible depths for carrying 

out underground nuclear explosions. The data were taken from the 

fundamental works [17, 19, 37, 3^9], and also from special determina¬ 

tions of the velocities and densities in blast adits and holes. 

Data on the relative portion of energy Es/E^o^. of seismic waves 

caused oy underground nuclear explosions carried out in various rocks 

(in volcanic tuffs, alluvial deposits, granites, basalts, and rock 

salt) are given below. The data were obtained chiefly from P waves, 

out of the entire combination of properties enumerated above for the 

surrounding rocks, which influence Es/Etot, only the influence of 

the acoustic stiffness of the rocks is examined. 

We do not have at our disposal sufficient experimental data to 

estimate the influence of other factors, si^ch as the porosity and 

the humidity. 

Methods of studying the dependence of seismic wave energy 

on the acoustic stiffness of the rocks surrounding the explosion. 

Calculation of the seismic energy E released in the focus in the form 

of elastic seismic wave? during earthquakes depends on the average 

values of the magnitudes m [223] and ^^ according to the 

experimentally established relations for shallow-focus earthquakes: 

Footnote (1) appears on page ¿y¿ 
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lg Ee sa 5,8 4* 2,47»; 
(22) 

lg£c =s.9,9 -f 1,9.1/* - 0,024.1/*. ( 23 ^ 

In this case, the values of can be recalculated Into tne values of 

m' according to the following formula: 

m'=l,7 4-0,8.1/*-0,01.1/1. (2H) 

Data obtained in the range of A from lb to 100° were used for 

determining the average values of m, calculated from the P waves. 

Records obtained in the USA in a range of A from several km to 650 km 

were used to calculate In practice, the seismic effect of the 

explosions is characterized by the seismic magnitudes m or ML. 

However, one cannot use (22) or (23) to determine the Eg of explosions, 

based on the magnitude, in view of the fact that the mechanism of 

the explosion source differs from the mechanism of earthquakes. The 

observed connection between Es and m and differs in explosions 

and in earthquakes. Correlations analogous to those in (22) and (23) 

have not yet been established for explosion sources. 

In the present study, the values of Eg for explosions were 

determined according to the Zoppritz-Wiechert formula. We mainly 

used records of P waves obtained at distances A from 16 to 100°. 

Table 3^ gives data about the intensities of underground 

nuclear explosions carried out by the USA and France, together with 

the dates when they were carried out, and the characteristics 

(acoustic stiffnesses) of the surrounding rocks (volcanic tuffs, 

alluvial deposits, rock salt, andesites, granites, basalts). The 

mean values of the magnitudes mmean> calculated from the data of the 

network of USSR stations, are given, as well as the values of m', 

calculated from ML by the formula (24). The values of ML were taken 

from the bulletins of the USCGS and from the references [161, 163, 

251, 317, 319, 322, etc.]. 
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Discussion of the results. Table 34 gives the ratlos E /E. 
_ ^ s tot 
for 26 explosions carried out in the USA and in other regions. 

These ratios, calculated from the recordings of stations in the USSR, 

agree well with the values given below, which were obtained in the 
USA [241] (see Table 35). 

TABLE 35. RATIO OP ENERGY OP SEISMIC WAVES TO ENERGY OF 

UNDERGROUND NUCLEAR EXPLOSIONS IN DIFFERENT 

SURROUNDING ROCKS 

Rocks 
VEtot> * 

Granite 

Salt 

Tuff 

Alluvium 

Dry alluvium 

1.0 

0.8 

0.3 

0.17 

0.09 

The mean value of calculated for explosions carried 

out in crystalline rocks, is 1.0¾. This value exceeds by a factor 

of three the mean values obtained during explosions in tuffs, is 

about five times greater than during explosions carried out in 

alluvial deposits at depths of up to 300 m, and is 11 times greater 

than during an explosion in dry alluvium (Sedan) [265]. Such a 

sharp damping of the seismic effect during the Sedan explosion is 

apparently connected, not with the fact that it was carried out with 

discharges, but most probably with the fact that the acoustic stiffness 

of the dry alluvium was much less than during explosions in other 

rocks with greater values of pvp. 

There is a change of Es/Etot by 11 times when there is a 

transition from explosions in granite to explosions in dry alluvium, 

as is shown in Table 34. This change is apparently close to the 

maximum value oossible change during camouflaged underground nuclear 
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explosions with intensities higher than 2 - 5 kt carried out in 

rocks in their natural setting (without concealment [2^7] and other 

special measures to reduce the seismic effect of the explosion). 

The- data obtained agree with the data from experiments with chemical 

explosives [229, 231, 276]. 

LA:_Changes in the Ratio of the Amplitudes to 

the Periods of Body Waves with Eplcentral Distance 
1 

If one is to Justify the use of unified magnitude scales m _ 

elaborated in [225] for shallow-focus earthquakes— for explosions, it 

must be established that the changes in the ratio of the amplitudes 

A to the periods T in the body waves P, PP, and S as the eplcentral 

distance is varied are identical for both explosions and earthquakes. 

In the present work, the changes of the values of (A/T) , 

together with changes of eplcentral distance, are compared for^P, 

PP, and S waves observed during underground, contact, and atmospheric 

explosions with the corresponding curves (A/T) of earthquakes, 

calculated from calibrated scales [225]. For the'other waves, the 

values of A/T were obtained only at a small number of stations. 

These data are not sufficient to reach reliable conclusions, and 

therefore comparisons were not carried out for them. 

Methods of comparing the experimental relationships A/T(A). 

For an experimental study of the dependence of A/T on A, we used 

data on the amplitudes and periods of P, PP, and S waves observed 

during underground and contact explosions, and also, to a small degree 

during atmospheric nuclear explosions. The recordings for the under¬ 

ground explosions were obtained both from wide-band equipment and 

from equipment with a narrow passband of the SKM, USF, and Benioff 

types. Those for contact and atmospheric explosions were obtained 

from wide-band equipment of type SK. 

In order to compare and average the relationships A/T(A) 

obtained during explosions of the same type but with different inten¬ 

sities, carried out both in the same and in different regions, the 

observed values of A/T were reduced to an identical magnitude level. 

This was achieved in the following manner. The mean values m 
mean 
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were determined from the data for individual values of mst, found 

at stations of zone III. The amplitude dependences lg(A/T) were 

plotted as a function of A for the value of t found according to cali- 

brated scales [225] in the [lg(A/T), A] system of coordinates. Then 

these relations for the given wave, recorded during different explo¬ 

sions of the same type, were combined, and the observed experimental 

values of A/T(A)exp were transferred onto a single combined graph. 

The graphs A/T(A) , plotted by the above-mentioned method, 
C? Jv 

for waves for 24 underground, 11 contact, and one atmospheric 

explosion, are shown in Figure 50. 

The A/T(A) graphs for the Pz waves of underground explosions 

with m = 5 - 6.1 were reduced to the level m = 5.8. They are plotted 

in a range of A = 1,100 - 11,000 km. For graphs of contact explosions 

with m = 5.8 - 6.2, they were reduced to the level of m = 6.2 and 

were plotted in the range of A = 4,000 - 11,000 km. For the graphs 

of atmospheric explosions, they were reduced to the level of m = 5.1 

and were plotted in the range of A = 1,500 - 5,200 km. The relation¬ 

ships of A/T(A) in the range of A = ],100 - 1,800 km are examined 

only for underground explosions, since within the range of A mentioned, 

data for other types of explosions either have not been obtained 

(for example, for contact explosions) or are incomplete. 

The values of (A/T) observed during underground explosions 
6Xp 

and reduced to a single value of m by the method mentioned above were 

then averaged one after another in a one-degree interval for the 

entire range of A. These averaged data for underground and contact 

explosiona are shown in Figure 50, a, b. 

Figure 51 gives the deviations of the average values of (A/T) 
exp 

from the values of (A/T) for underground explosions expressed in 
C • o • 

percentages and calculated for a one-degree Interval from the scale 

in [225] from the relation: 

(A/T) = 
<A/T>c.s. - <A/T>exp 

(A/T) 
c . ¡ (25) 
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Figure 51. Mean relative deviations 
of the observed values of (A/T) 

v 'exp 
in the P waves of underground 
explosions from the corresponding 
values of (A/T) o , calculated 

by the calibrated scale of [223], 
in relation to the epicentral 
distance. 

Relationship of A/T(A) for 

vertical component of the P wave. 

Underground explosions. Regardless 

of the considerable scatter of 

individual values of (A/T) , 
v exp* 

the general shape of their mean 

values (Figure 50, a) in zone III 

in the range of A = 4,000 - 11,000 

km repeats the shape of the cali¬ 

brated scale. In the given range 

of A, the differences on the 

average do not exceed +20£. 

However, in the beginning of 

zone III, in the range of A = 

= 3,300 - 3,700 km, there is a 

local exaggeration of the values 

of (A/T)exp (up to 20055), the 

causes of which are as yet 

unclear. In this range of A, 

only a relatively small amount 

of data is available. 

In zone II, or in the shadow zone (in the range of A = 1,100 - 

2,500 km), the average values of (A/T) are approximately 60 - 80* 
tí A 

too low. However, even greater deviations are observed at specific 

points. This shadow zone, mentioned earlier in [95, 111, 322], is 

apparently caused by diffraction phenomena of shorter-period oscilla¬ 

tions (periods of about 0.5 - 1.5 seconds) in the P waves of under¬ 

ground explosions as compared with the periods T > 5 sec of oscilla¬ 

tions in the P waves caused during earthqucxes, contact explosions, 

and atmospheric explosions. The shadow zone was traced very clearly 

during the Gnome explosions from observations at several tens of 

stations [322] (Figure 52, a). We will show that considerable scatter 

of individual experimental values of A/T(A) up to 4 - 5 times their 

mean values was observed in [240] for the P waves of distant 
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(up to 10,000 km) underground nuclear explosions, and also during 

earthquakes in the Pacific Ocean, and for Pn waves during explosions 

in Nevada. In all the cases studied, the zones of elevated values of 

A/T in the Pn and P waves were observed in regions composed of solid 

crystalline rocks or a thick layer of sedimentary deposits, for which 

large velocities in the upper mantle are observed at the same time. 

The zones of reduced values of A/T are related to tectonically dis¬ 

turbed regions with reduced velocities in the upper mantle. 

Contact explosions. The data for contact explosions were 

obtained in zone III in the range of A = 4,000 - 10,500 km 

(Figure 50, b). For these explosions, the mean values of (A/T)exp 

generally approach or coincide with the values of (A/T) calculated 
C • S • 

from the calibrated scale. However, in a relatively narrow range of 

values of A = 8,800 - 9,500 km, a zone is observed where the values 

of (A/T) exceed by approximately 100¾ the values of (A/T) cal- 
€Xp C•S • 

culated from the calibration curve. These local deviations occur 

mainly in the Central Asian stations, which, as was shown in [103], 

generally exceed the values of (A/T)exp In comparison with the values 

calculated from the calibrated scales of magnitudes [225]. 

Atmospheric explosions. Reliable data for (A/T)eXp in Pz 

waves have been obtained only in the range of A = 1,800 - 5,200 km 

during the most powerful explosions (Figure 50, c). During other 

explosions, the values of (A/T)eXp have been determined only for 

single stations. An examination of the graph in Figure 50, b reveals 

that the values of (A/T)exp in the range of A = 1,800 - 5,200 km are 

close to the calculated values of A/T (m = 5.1). For atmospheric 

explosions with periods T on the order of 5 - 10 sec at the end of 

zone II and at a distance cf A = 1,800 - 2,000 km, the shadow zone 

Is not observed. This corroborates the assumption of the diffractional 

nature cf the shadow zone, which was noted in P wave recordings from 

underground nuclear explosions with periods of 1 - 2 seconds. 
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Underwater explosions. The sparse data at our disposal about 

the dependence of (A/T)eXp on epicentral distance in Pz waves, 

obtained during three underwater explosions carried out by the United 

States in the Pacific Ocean [35^], indicate that in zone III, this 

dependence is the same as that for P waves of shallow-focus earthquakes. 

A comparison of the relationships of (A/T)_ and (A/T)„ „ in 
6Xp C•S • 

the Pz waves reveals that in zone III for underground and contact 

explosions, and for atmospheric explosions in zones II and III a 

satisfactory similarity is observed in general. Practically the same 

values were obtained when a large number (15 - 20) of observations 

were averaged. The standard deviation of (A/T)exp from the average, 

calculated for A = 3,000 - 11,000 km, amounts to \2t . 

Relationship A/T(A) for horizontal component of P wave. This 

relationship was studied for contact and atmospheric explosions, for 

which it was recorded clearly with large amplitudes of the P^ wave. 

A comparison of the observed values of (A/^)eXp* ^ waves 

of contact explosions (A = 4,000 - 11,000 kr.) and of atmospheric 

explosions (A = 2,000 - 5,200 km), with the calibrated scales reveals 

their similarity. The magnitudes calculated from the Pz and PTj 

waves ordinarily practically coincide. This indicates the usefulness 

of the scales of P„ waves developed for shallow-focus earthquakes in 

determining the magnitudes of seismic phenomena during explosions 

(see [103]). 

Relationship A/T(A) for S waves. Clear- 3 wave arrivals are 

observed only during the most powerful atmospheric explosions. Less 

clear data were obtained during contact explosions in the Marshall 

Islands (in the range of A = 4,000 - 9,000 km). The changes of 

(A/T)ex with A for the S waves during explosions coincide in genera] 

with the changes of the relationship (A/T) calculated from the 

calibrated scale. 
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The following fact also is interesting. The values of nig for 

less powerful (approximately by a factor of two) explosions carried 

out in the same region as more powerful ones, but at a height less by 

a factor of 1.5» were found to have a magnitude 0.5 units greater. 

This may indicate that the intensity of the S waves depends on the 

height of the explosion. However, the dependence of A/T on A did not 

depend on h. 

It should be noted that the mean magnitudes calculated from the 

S waves for explosions usually exceed the corresponding values of m 

calculated from P waves by approximately 0.2 units of magnitude. 

However, due to incomplete experimental data, it was not possible 

to statistically study the nip and nig relationship during explosions. 

Calculation of the dependence of A on A for P and S waves. The 

decrease of the amplitude A in P and S waves with an increase in A 

can be calculated approximately from the following formula: 

Ar.s (A) — y ~ E'c, s \ dejáti I 

S.-T/Tp^ s sin A tg ^»oxp^ArL J. j (26) 

The above formula was obtained from the Zoppritz-Wiechert formula 

for the energy £„ of body waves [68]. The notation in Formula (26) s 
is the same as that in [68]. ' 

The relationship of Ap(A) in P waves for oscillations with a 

period of 1 second is given In Figure 53 by curve 6. The curve was 

calculated for epicentral distances of 2,200 - 11,000 km, taking 

absorption in the mantle into account. The theoretical curve was not 

calculated at 1,100 - 2,200 km, since the value of taking into 

account the loop of the hodograph has not yet been found. 

The values of used in the calculations were taken from the 

tables in [68]. The energy absorption coefficient k, in accordance 

with data in [227], was assumed to be k = 1.2 10 km -1 
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Figure 52. Dependence of m on A for underground 
explosions in zones I, II, and III. 

a * for Gnome explosion in salt oed; data from 
[322]; b - explosion in solid rock in continental 
region; c - explosion in Sahara in granite. 

APn¿P 

Figure 53. Amplitudes of 
oscillations in PnZ, PnH, 

and Pu waves with a period 

of 1 'second, in relation to 
the epicentral distance 

1-5: calculated from the 
calibrated scales [224]; 

6: calculated according to 
the Zöppritz-Wiechert 
formula taking absorption 
into account. 
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Figure 53 gives curves of A/T(A) calculated from the calibrated 

scales for earthquakes. For A » 1,800 - 12,00 km, they were calculated 

from the scale in [22<0 (curves 4, 5), and for A * 1,000 - 1,800 km 

—from the scale in [214, 216] (curve 3). 

It is clear from a comparison of the theoretical curve Ap(A) 

with the calibration curve 4 that the decrease of A with A, determined 

by Formula (26), in general agrees satisfactorily with the shape of 

the calibration curve. The theoretical curve averages out the cali¬ 

bration curve. Analogous results were obtained also for the S waves. 

The observed local deviations of the experimental curve A/T(A) from 

the curve theoretically calculated by the Zöppritz-Wiechert formula 

indicate that there is a nonuniform structure of the mantle. In the 

future, as information is accumulated about the absorbing properties 

in separate portions of the mantle, and after more accurate relation¬ 

ships of A/T » A/T(A) have been established, it will be possible to 

include these deviations, along with other data, to attain increased 

accuracy concerning the structure of some areas of the mantle. 

Dependence of App and (A/T)pp on A during nuclear explosions. 

The dependence on A of the amplitude App of oscillations in the PP 

waves and the ratio of the amplitude to the period (A/T)pp was studied 

using data obtained by wide-band SK seismographs, mainly during the 

most powerful contact explosions carried out by the United States in 

the Marshall Islands. The power of the explosions was from 10 to 

15 Mt, and their unified magnitude m was 6.0 + 0.1 to 6.2 + 0.2 [103], 

The recordings of vertical seismographs were studied. 

Table 36 gives the amplitudes and periods in the PPZ and Pz 

waves recorded during the above-mentioned explosions, and also during 

the underwater Wigwam explosion, at stations of the USSR ESSN at 

A = 4,000 - 11,000 km. 

Figure 54 gives the experimental values of App and of (A/T)pp , 
Z Z 

observed for explosions at different epicentral distances. Graphs 
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TABLE 36. DEPENDENCE OP App/Ap AND (A/T)pp/(A/T)p ON A POR 

NUCLEAR EXPLOSIONS CARRIED OUT IN THE MARSHALL 

ISLANDS AND OFF THE COAST OF CALIFORNIA 

Stations A* Date 

-
1

 
m
i
c
r
o
n
s
 

s
e
c
 

I 

1' S 
w » 8 • 0 PL, O mJ» TPP. 

sec 

App 

Tpp 

Kuril' 

Yuzhno-Sakhal In 
Yuzhno-Sakhalin 
Petropavlov- 
Kamchatka 

Uglegorsk 
Vladivostok 
Vladivostok 

Vladivostok 
Magadan 

Kyakhta (E-W) 
Kyakhta (E-W) 

Irkutsk 

Irkutsk 
Naryn 
Frunze 

Murgab 

Murgab (E-W) 

Frunze 

Murgab (E-W) 

Murgab (E-W) 

Andizhan 
Fergana 
Khorog 
Tashkent 

Tashkent 
Dushanbe 
Dushanbe 
Kabansk 

Ashkhabad 

36*41’ 

40 07 
40 07 

41 40 
42 03 
42 39 
42 39 
42 39 
49 CG 
61 21 

61 21 
63 12 
63 12 
SI 46 
82 35 

83 49 

83 49 
82 35 

83 49 

S3 49 

84 45 
85 (36 
85 45 
86 44 

86 44 
8" 44 
8“ 4 4 
87 48 

95 45 

26.111 1954 

28.11 
26.111 

26.1 II 
28.11 
28.11 
26.111 
25.IV 
4.V 

28.11 

26.III 
28.11 
26.IU 
28.11 
28.11 

28.11 

28.11 
26.III 

26.III 

25.1 V 

28.11 
28.11 
28.11 
28.11 

28.11 
28.11 
25.IV 
14.V 1955 

28.11 1954 

1,27 

0,95 
1,53 

1,04 
1,85 
0,95 
0,5 
0,3 
0,6 
0,84 

0,55 
0,77 
0,71 
0,77 
1,45 

0,58 

0,38 
0,84 

0,75 

0,25 

2.5 
1,38 
1,04 
0.9 

0,93 
0,75 
0,8 
0.8 

0,87 

4.1 

4.7 
4.7 

4.7 
4.4 
4.8 
4.7 
4.7 
5.2 
5.3 

5.8 
4.7 
4.7 
6.0 
4.0 

4.7 

4.4 
4.7 

4.4 

4.7 

4.7 
4.7 
4.7 1 
4.2 

4.7 
4.7 
4.0 
3.0 

6,0 

1.18 

0,56 
1.11 

1.14 
0,79 
0,63 
0.3 
0,32 
0,57 
0.5 

0.4 
0,54 
0.5 
0,46 
0,58 

0,85 

0,58 
0,28 

0,75 

0,63 

1.0 
0,69 
0,74 
0,3 

0,3 
0,22 
0,33 
0,81 

1,05 

6,27 

5,56 
6.0 

5,93 
5,84 
5.7 
5,38 
5.5 
5,74 
6,24 

6,05 
6,3 
6,3 
6,15 
6,35 

5.9 

6.7 
6,05 

6,73 

6.6 

6,68 
6.47 
6.47 
6,1 

6,1 
5.8 
6,2 
6.5 

6.5 

4.4 

5.0 
4.8 

4.2 
3.6 
5.0 
5.0 
5.9 
5.4 
4.6 

6.0 
5.2 
6.0 
5.2 
4.0 

4.6 

3.6 
4.2 

4.4 

5.0 

4.2 
4.2 
5.2 
4,8 

4.7 
5.0 
5.0 
4.0 

6.2 

0,27 

0.11 
0,25 

0,27 
0,22 
0,13 
0,06 
0,08 
0.11 
0.11 

0,07 
0.1 
0,11 
0,09 
0.14 

0,05 

0,16 
0,07 

0,17 

0,13 

0,24 
0,14 
0,11 
0,08 

0,08 
0,04 
0,08 
0,21 

0,19 
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TABLE 36. DEPENDENCE OP App/Ap AND (A/T)pp/(A/T)p ON A FOR 

NUCLEAR EXPLOSIONS CARRIED OUT IN THE MARSHALL 

ISLANDS AND OFF THE COAST OF CALIFORNIA. 

Stations AppJAj, 

« i 
°|.c 
«no. 
O.TH (0 
>. « h 
H U) 0O| 

Place 
of 

explo¬ 
sion 

Condi¬ 
tions 
of 

explo¬ 
sion 

Region of reflections 

it. Long. Region 

Kuril* 

Yuzhno-Sakhalin 
Yuzhno-Sakhalin 
Petropavlov- 
Kamchatka 

Uglegorsk 
Vladivostok 
Vladivostok 

Vladivostok 
Magadan 

Kyakhta (K-W) 

Kyakhta (E-W) 

Irkutsk 

Irkutsk 
Naryn 
Frunze 

Murgab 

Murgab (E-W) 

Frunze 

Murgab (E-W) 

Murgab (E-W) 

Andizhan 
Fergana 
Khorog 
Tashkent 

Tashkent 
Dushanbe 
Dushanbe 
Kabansk 

Ashkhabad 

0,93 

0,59 
0,73 

1.1 
0,43 
0,67 
0.6 
1,06 
0,95 
0,6 

0,73 
0,62 
0,63 
0,6 
0,4 

0,43 

1,53 
0,33 

1.0 
2,5 

0,4 
0,5 
0,71 
0,33 

0,31 
0,3 
0,38 
1,05 

1.2 

0.81 

0,54 
0.71 

1.05 
0,5¿ 
0.7 
0,64 
0,95 
0,82 
0,69 

0.71 
0,64 
0,55 
0,69 
0.4 

0,43 

2,0 
0,37 

1.0 

2,36 

0,45 
0,56 
0,64 
0,29 

0,31 
0,28 
0.3 
0,79 

1.16 

SVK 

» 
» 

» 
> 

SVG 
» 
» 

SVK 
SGK 

» 
SVK 

» 
» 
» 

SGK 
SVK 
SGK 

SVK 
> 

» 
» 

SGK 
SVK 

Marshall 
Islands 
ditto 

> » 

in water 

on earth 
in water 

on earth 
» 

in water 
on earth 
in water 
on earth 

in water 
on earth 
in water 
on earth 

in 

on 

water 

eartn 

coast of jundergrd 
P u j r ! 600 in 
£alií- idepth 
Marshall ( - 
Islands Un water 

30* C 

30 
30 

32 
32 
28 

28 
35 

35 
36 

32 
35 

34 

35 

34 

35 

35 

.34 
37 

35 

45 

37 

1S*«E 

136 
156 

163 
156 
151 

160 
142 

142 
144 

129 
129 

128 

129S-E 

128 

128 

128 
126 

125 

170 

120 

Pacific Ocean 

II •t 
•« 

•« 

Japanese trough 
II 

Pacific Ocean 
II 

East China Sea 
S-E coast of 
Korea 

Korean Straits 

Coast of Korea 

Korean Straits 
So. Coast of 
Koreß 

Western coast 
of Korea 

Yellow Sea 
II 

Pacific Ocean 

Shantung 
Peninsula 
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for the changes undergone by App and (A/T)pp are shown together with 

changes of A for shallow-focus earthquakes with m * 6.2, plotted 

accor .ing to the Gutenberg calibration curve [225] for the PP^ waves. 

Since the periods of the PP waves, for phenomena with m > 6, practi¬ 

cally do not change with changes in A (see Figure 45), the shape of 

the graphs for Ap and (A/T)pp in the entire range of A is practically 

identical. 

Examination of Figure 53 shows clearly that the shape of the 

experimental dependence of App^ and (A/T)pp^ on A, observed during 

explosions, agrees in general with the shape of the graphs App(A) and 

and (A/T)(A) for earthquakes. However, for some stations (Andizhan, 

Ashkhabad and others), the experimental values of App and (A/T)pp 
Z Z 

exceed the values obtained from the calibrated scales. These devia- ’ 

tions, as a rule, apply to those stations for which anomalously high 

values of Ap and (A/T)p (see [103]) were observed during contact 
¿ £ 

explosions and other types of explosions. These overexaggerated values 

of Ap and (A/T)p are due to the seismogeological structure in the 
PZ PZ 

region of the stations. 

It must be noted that the calibration scales [225] for PP waves 

were obtained for certain average conditions, without taking into 

account the influence of the structure of the Earth's crust, or the 

upper mantle in the region of reflection on the dependence App(A). 

Gutenberg and Richter discovered this influence for the Pacific Ocean 

region and the continents [45]. Analogous data for the Atlantic 

Ocean region are given in [291]. It is possible that this may be due 

to a certain decrease in the amplitudes of the PP waves with the 

points of reflection under the oceans. This problem is examined 

below in greater detail. 

Dependence of the ratio App/Ap(A) for continental and oceanic 

reflections. The references [45, etc.] examine the dependence of 

A /Ap on A for the PP waves of earthquakes reflected in the 

PPZ PZ 
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Figure 54. Amplitude A and A/T 
ratio for PPZ waves of contact 

explosions, in relation to 
epicentral distance 

1, 2: calibration curves, 
respectively, for A when 
T 3 5 seconds and for A/T 
according to [223] when 
m 3 6.2; 

3 4: observed values of A and 
A/T. 

Figure 55. Dependence of App /Ap' 
Z Z 

on A for PP waves of contact 
and underwater explosions, 
reflected: 

1: in the Pacific Ocean region; 

2: from the surface of the 
continents (1 and 2 are 
from [45]); 

3, 4: corresponding observed 
values. 

continental regions and in the Pacific Ocean region. This dependence 

at A 3 3,000 - 10,000 km is shown in Figure 55 Recording to [45]. 

The ratio of the PP wave amplitudes to the amplitudes of the P 

waves for reflection under the Pacific Ocean is 20 - 30Ï less than 

during reflection from the surface of the continents. 

In this connection, it is interesting to compare the dependence 

of A /Ap on A during earthquakes and nuclear explosions with the 
PP 2 ^ *7 

reflections of the PP waves in the Pacific Ocean region and reflections 

from the surface of continents. 
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Table 36 gives the values of App /Ap according to data from 
Z Z 

stations of the USSR ESSN, as well as information on the coordinates 

of the wave reflection points in the Pacific Ocean during contact and 

underwater explosions carried out by the United States in the Marshall 

Islands and off the coast of California. Since periods in the P and 

PP waves are very similar (Table 36), the influence of the nonuniform 

seismogeological structure in the region of the stations on App /Ap 
rrZ *Z 

is practica]iv eliminated. The values of (A/T)pp /(A/T)p almost 

coincide with the values of App /Ap . 
riZ rZ 

Figure 55 gives the experimental values of App /Ap , observed 

during explosions, for the PP^ waves reflected in t^e Pacific Ocean 

region and from the surface of the continents. 

At the present time, insufficient experimental material has been 

collected to study the ratio App/Ap during explosions for the PP 

waves reflected from the surface of continents. 

Examination of Figure 55 shows that the experimental values of 

App /Ap observed during explosions with the reflection points in the 
*Z 

Pacific Ocean can be more or less approximated by the relationship 

App /Ap (A) established in [^5] for this region from earthquake data. 
1Z 

The values observed at the Irkutsk and Kyakhta stations (Table 36) 

are exceptions. The points of reflection for them are located over 

the deep Japanese trough. (According to the data of Gutenberg, the 

values of App/Ap are large for the deep parts of the ocean than for 

the shallow parts.) 

Thus, the decrease in the ratio App/Ap — observed for the 

Pacific Ocean region from earthquake data — is in all probability 

also observed during nuclear explosions. Inasmuch as the influence 

of a nonuniform structure in the region of the station is excluded 

for the values of App/Ap(^), the coincidence of the values of App/Ap 
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during earthquakes and explosions, observed for the Pacific Ocean 

region, may also indicate that the dependence App(A) is identical 

during explosions and earthquakes. 

n»r»ndence of the ratio Apep/Ap on_A. It has been established 

that the experimental values of the ratio Apcp/Ap during contact 

q , a in, * u fi spc T * 3. - 5 sec) and during underground 
explosions (Tp s, 4 b sec> ipcP ^ 
explosions (Tp X 0.6 - 1.6 sec, TpcP % 0.7 - 1.5 sec), and even during 

earthquakes, are greater than the theoretically calculated va ues 

[17 65, 166, 170]. This fact (Figure 56) indicates that -he st 

turé of the medium is more complex in the transition zone on the 

boundary between the mantle and the core than it is assumed to oe n 

theoretical calculations. These calculations Include the reflection 

phenomena on the boundary of two half spaces, with a sharP ^ak 

the values of the velocities and densities. In all probabil y, 

a model of tr.e medium structure is highly simplified. In [17], 

an attempt is made to explain this discrepancy by means of a thin 

layer with a high velocity on the boundary between the mantle and 

the core. 

The dependence of A/T on A for the PcP waves during explosions 

is the same in general as for the P waves [65, 1871. 

Thus there is satisfactory agreement between the dependences 

A/T(A) ’and A/TÍA) s , calculated for the P,- PP, and S waves from 

calibrated scales. ThU shows that the ratio A/T in the waves in 

question during explosions and earthquakes in zone III undergoes 

practically the same changes for all types of explosions. 

Consequently, the magnitude mp>pp characterizes the relative 

seismic effect of these explosions to the same degree as it charac¬ 

terizes the intensity of earthquakes. 

For underground explosions at the end of zone II and the begin¬ 

ning of zone III, unusual features of the relationship A/T(A) in the 
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Figure 56. Comparison of experi¬ 
mental and theoretical reflec¬ 
tion coefficients of PcP waves, 
from data in [17] 

I - theoretical curve of the 
ratio (A/T)pcp/(A/T)p; 

II - curve averaging the experi¬ 
mental values, 1 at 5-degree 
intervals, 2 standard 
deviations; 

III - ratio of averaged experi¬ 
mental values (II) to 
theoretical values (I); 

IV - theoretical curve of reflec¬ 
tion coefficient !<PcP; 

V - experimental curve of 

reflection coefficient kpcp; 

3 - experimental values of kpcp. 

P waves are observed, which are 

connected with the short-period 

composition of the oscillations. 

This must be taken into consider¬ 

ation when one is averaging the 

waves of m observed at a network 

of stations. 

In conclusion, let us note 

that all the extrema of the 

A/T(A) curve which are observed 

for earthquakes are also observed 

on the A/T(A) curve obtained from 

data on explosions for oscilla¬ 

tions with T 4 - 5 sec and 

more. This is especially aston¬ 

ishing if one takes the fact into 

consideration that the calibration 

scale was plotted from data on 

earthquakes, for which the radia¬ 

tion from the focus is known to 

depend on the azimuth. It is 

obvious that, when data from many 

earthquakes were averaged, the 

influence of nonuniform radiation 

from the focus was excluded to a 

considerable degree. 

§ 7. Relationship of the S Waves 

and_ Pr, Wave Amplitudes During 
Various Types of Explosions and 

Earthquakes 

The mean values of the A^/Ap 

ratio for shallow-focus earthquakes 
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in zone III (from 20° to 100°), calculated by Gutenberg’s calibrated 

scales [225], range between 3 to 5. The corresponding values of the 

(A/T)q/(A/T)d ratio fall between 3 tn 2. These ratios do not depend 

on the magnitude m. According to data in [90], the ratio Ag/Ap ranges 

between 2 to 1 in the above-mentioned range of A. The drop of Ag/Ap 

with changes in A is not monotonie. The areas of the largest (by 

2-3 times) decrease of Ag/Ap are observed for A from 35 to 45° and 

65 - 85°. Areas of high values of Ag/Ap (in the range of A * 
Z 

= 25 - 35°, etc.) can also be observed. 

Somewhat larger Ag/Ap ratios (up to 6 - 10) are observed during 

deep-focus earthquakes (see the seismogram in Figure 4l, c). However, 

this has practically no influence on the mean values of Ag/Ap , since 
z 

the annual number of deep-focus earthquakes is approximately 3Í of 

the total annual number of all earthquakes. 

Somewhat different values for the Ag/Ap ratios were observed 

for waves caused by nuclear explosions (Table 37)» In this case, 

the mean values of AQ/AD and the limits of their fluctuations are 

different for different types of explosions. Table 37 gives the 

results of statistical processing and evaluation of the data for 

AS/APZ’ 
# 

As is clear from data in Table 37, the largest mean values of 

Açj/Ar, during atmospheric explosions barely differ from the corre- 
s Pz 

spending values during earthquakes. During contact, underground, 

and underwater explosions they are smaller than during earthquakes. 

These differences in Ag/Ap may be utilized in identifying the 

recordings of explosions. Z 
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TABLE 37. MEAN AND MAXIMUM VALUES OF THE RATIOS AQ/AD 
S p2 

AND (A/T)q/(A/T)d FOR VARIOUS TYPES OF 
S PZ 

EXPLOSIONS AND SHALLOW-FOCUS EARTHQUAKES IN 

ZONE III 

Type of 
source 

Range of 
magnitude 
variations 

M m 

As/Apr 

Maximum 
values 

(A/T) /(A/T), 

Average 
Maximum 
values Average 

Atmospheric 
explosion 

Contact 
explosion 

Underground 
and under¬ 
water 
explosion 

Earthquakes 

4.0-5.8 4-5.1 

4.5-6 5.8-6.3 

3.5-5.9 5.3-6.5 

5.0-6.5 5.5-6.5 

0.5-10 

0.3-0.8 

0.05-0.2 

1-5.1 

1.3 

0.5 

0.1 

2.2 

1 10 

0.1-0.5 

<0.1 

0.5-3.0 

0.2 

<0.1 

1.5 

CONCLUSIONS 
$ 

1. During atmospheric and contact explosions the same direct, 

reflected (monotypic and exchanged) body waves are recorded in zones 

II and III as during shallow-focus earthquakes. The areas in which 

the waves are traced are the same as in the case of earthquakes . 

2. The periods in the body waves during atmospheric and contact 

explosions are close to the periods of the corresponding waves of 

earthquakes with a comparable magnitude. They undergo little changes 

when the epicentral distance changes. 
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3. The decrease of the oscillation amplitude ratio to the 

period, when the epicentral distance changes, in P and S waves of 

atmospheric and contact explosions is the same as in the case of 

corresponding earthquake waves. 

4. During underground and underwater explosions, the transverse 

waves, as a rule, are of a low intensity, and it was hot always 

possible to record them in the entire area in which they were 

present. 

5. During underground and underwater explosions, the periods 

in the body waves are usually 2-3 times less than in earthquakes 

with a comparable magnitude. In zones III and IV they undergo prac¬ 

tically no changes with an increase in the epicentral distance. This 

is connected basically with the fact that, during underground explo¬ 

sions, the duration of forces in the source is smaller by a factor of 

10^ than the duration of forces during earthq nkes with a comparable 

magnitude. It is also due to the fact that the dimensions of the 

focus (the radius of the underground cavity formed as a result of the 

explosion) are approximately two orders of magnitude smaller than the 

corresponding radius of the circular fault during earthquakes with a 

comparable magnitude. 
- 

6. It was established that there is a weak dependence of the 
0 

periods Tp of the oscillations in body P waves on the TNT equivalent 

Q of underground nuclear explosions for tuff, alluvium, and other 

types of rocks: 7^^0,91^. 

7. During underground explosions, the values of A/T in zone II 

for the P waves were underestimated, in comparison with the values 

during earthquakes — that is, a shadow zone was observed. The 

presence of this zone is connected with diffraction phenomena due to 

the shorter period of the oscillations during underground explosions. 
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8. The mean values of the ratio of the transverse wave ampli¬ 

tudes to the dilatational wave amplitudes As/Ap for explosions differ 

from those for earthquakes. During contact, underground, and under¬ 

water explosions these ratios are smaller than during earthquakes. 

These differences, along with others, may be utilized in identifying 

the recordings of explosions. 

9. The shape of the oscillations in body waves in all types of 

explosions is a short train, whose oscillation amplitudes on both 

sides of the maximum value drop off faster than in earthquakes. This 

is noted most clearly for P waves of underground and underwater 
explosions . 

FTD-HC-23-721-71 231 



CHAPTER VI 

CHARACTERISTICS OF SURFACE WAVES CAUSED 

BY VARIOUS TYPES OF EXPLOSIONS 

Relatively intense Rayleigh waves (LR) and Love (LQ) surface 

waves a’-e recorded in all types of nuclear explosions, except under¬ 

water explosions. In the continental regions, channel surface waves 

of types Lx, L^ Lg, R^, and R^ are also recorded. During 

explosions with intensities in the megaton class (M ¾ 4.5 - 5.5), 

surface waves LR and Lq were recorded at epicentral distances of as 

much as 12,000 - 14,000 km. 
0 

During atmospheric explosions, surface waves of the Rayleigh 

type usually have their greatest intensity in comparison with other 

types of body and surface waves. In the overwhelming majority of 

cases, for atmospheric explosions with an intensity of several tens 

of kilotons, and in some cases with hundreds of kilotons, at epi¬ 

central distances of A > 2,000 - 3,000 km only waves of this type 

could be recorded successfully. For this reason, it is natural that 

researchers should strive to use surface waves, primarily Rayleigh 

waves, for detecting and identifying nuclear explosions, particularly 

for determining the coordinates of the explosion epicenters, the 
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times in the epicenter, and also for the purpose of determining the 

Plosion parameters: their TNT equivalents and the heights of 
atmospheric explosions. 

Surface waves also yield Information concerning the forces 

operating In the focus, l.e., the type of source and Its depth 

waves for'ident If ^ ^ ^ ^ 3 nUmber °f "orlts -e these 

150, 162, 163, 326,n34-3Î7SetT:and t55> 56> ^8, 

Data concerning the propagation and dispersion of surface 

ZtS hr6' by eXPl0Sl0nS’ PartlCUlar1^ ln -^mation with data 
about body waves, open up far-reaching possibilities for studying 

and physioai properties °f the - the 

this chapter, a study Is made of the dynamic and kinematic 

Characteristics of surface waves caused by atmospheric, coÜ L 

underground explosions when the waves are propagated via continental 

oceanic and mixed paths. This is necessary In order to distln“’ 

r Ifferences from the corresponding characteristics of waves 

f ear quakes, and in order to determine the causes responsible for 

these differences. The discussion is also devoted to the possibility 

surface“8 ^ ^ ^m the 
9 

in order to clarify the differences in the dynamic characteristics 

Of seismic waves caused by nuciear explosions in various media, 

he distinctive features of surface waves were studied, and their 

c aractenstlcs were compared with the corresponding characteristics 
of waves caused by earthquakes. 

The following kinematic and dynamic characteristics of waves 

were studied: the travel times, the trajectories of motion of 

med urn particles, the dispersion curves and other factors during 

explosions and earthquakes; the periods of maximum oscillations and 
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the spectral composition of the waves as a function of the epicentral 

distance; the dependence of the spectral composition of the oscilla¬ 

tions on the type of explosions and the structure of the Earth’s 

crust and the upper mantle on the wave propagation path; the corre¬ 

lation between the intensities of various types of surface and body 

waves, and the dependence of this correlation on A and on the 

magnitude of the phenomenon; the possibility of determining the 

coordinates of the epicenters and a number of other characteristics. 

Data used. In this work, we used records of explosions obtained 

chiefly in the USSR, and partially data from stations in Europe, 

Asia, and America published in [145, 287-290, 292, 295, 309, 346, 

etc.] and in the corresponding seismic bulletins. 

The clearest recordings of surface waves were obtained in recordings 

of long-period (DS) and ultra-long period (UDS) seismographs of the 

Press-Ewing design, installed in standardized stations on the 

territory of the USA and in the world-wide network of the USA located 

in various countries of the world. In the USSR, records of long- 

period SKD seismographs [93] were obtained at the stations of 

Pulkovo, Moscow, Simferopol* and others (Figure 57). Most of the 

records in the USSR were obtained with SK seismographs and with 

equipment with a narrow passband of the types SKM or USF. Since the 

last two types of seismographs in the range of periods now being 

studied had irregular amplification, it was'necessary to introduce 

appropriate corrections. Records of seismographs with a narrow 

passband were used to a limited extent. 

Section 1 

Rayleigh Waves LR 

In the present section, we shall examine the kinematic and 

dynamic characteristics of LR waves recorded in a range of A from 

several tens of km to 11,000 - 12,000 km during explosions carried 
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Figure 57. Example of records of surface Rayleigh LD and Love I 

waves fron atmospheric explosions taken by SKD and SK seismographs 

filters ; ^bb“- íejoídaôraLosfnher?rSelSra°Sraph et!Ulpped »lth rejection 

rtth 

rSrfe:-”00 
(Figure continued on next page) 
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out in an atmospheric layer near the ground over the continents or 

near islands in the oceans. 

§ 1. Character of the Wave Records 

The distinctive features of the records of an oscillation 

train in Lp waves during explosions, as well as during earthquakes, 

depend on the properties of the medium and the structure of the 

Earth’s crust and the upper mantle along their propagation path. 

The - ave paths, as is well known, are divided up into continental, 

oceanic, and mixed paths. In the last case, part of the waves 

advance via continental routes, and part via oceanic routes. 

The records of the LR waves, their spectral composition, the 

duration of the train, and a number ox* other characteristics depend 

to a considerable degree also on the type of frequency characteristics 

of the seismic receiving equipment. Therefore, when examining the 

records, the type of equipment by which they were received is 

indicated, and when examining their amplitude and spectral charac¬ 

teristics, corrections are introduced in them for irregular amplifi¬ 

cation of the seismic receiving channel. 

During atmospheric, contact, and underground explosions, the 

records of the Lp waves propagated along similar paths are generally 

similar to each other when obtained by equipment of the same type, 

beginning at a distance of approximately A > 1,500 - 2,000 km. 

High-altitude and underwater explosions are exceptions. Therefore, 

we shall examine the records of waves with continental, oceanic, 

and mixed propagation paths, obtained in all types of explosions, 

with the exception of high-altitude and deep-water explosions. 

Dp waves propagated along paths with a continental structure 

of the Earth’s crust. During atmospheric, contact, and underground 

explosions, in the train of oscillations of the Ln waves recorded 
n 

for A > 500 - 1,000 km by long-period and wide-band equipment and 1n 
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the overwhelming majority of stations, two groups of waves are 

clearly distinguished, arriving successively one after the other. 

Following Bath [1^53, these waves are designated hereafter as 

and Mg. In the records of stations located in sedimentary or 

sedimentary-metamorphic rocks, a third group of oscillations is also 

distinguished in the train of LR waves. This third group is 

designated as Lq (Figure 57)* 

It must be noted that in records of wide-band SK seismographs, 

during atmospheric and contact explosions of small and medium 

intensity (up to several hundreds of kilotons), in most cases there 

are only two groups of waves — Mg and Lq which can be clearly 

distingaished visually. However, in the amplitude spectra of records 

obtained even during these types of explosions, an extremum caused 

by the wave is observed (see i 7 of this chapter). 

The waves are connected with the Earth's crust and the upper 

mantle, the Mg waves — with the Earth's crust, and tha LQ waves — 

with the sedimentary or sedimentary-metamorphic layer of rocks in 

the region where the station is located. 

M1 waves. The first, longest-period group of oscillations 

with a clearly expressed normal dispersion belongs to this wave group 

The M^ wave arrivals in the records of wlde-band seismographs 

ordinarily are not sharp, with the waves appearing against a back¬ 

ground of shorter-period oscillations of Lx, L^, and other waves. 

However, in the records of long-period seismographs, where the 

oscillations with periods of up to 10 - 12 seconds have been filtered 

out, quite clear and sharp arrivals of the Mj^ waves are observed. 

The M-^ waves are polarized in the vertical plane; the motion of 

soil particles in the Mx waves in retrograde and proceeds along an 

ellipse, whose major axis lies in the vertical plane (Figure 58). 

The ratio of the axes AH/AZ for different stations of the USSR varies 

from 0.7 to 1 (see Table *)1) . 
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Figure 58. Trajectories of motion of particles from 
medium in a vertical plane in Rayleigh waves Recorded 

seismographs?05^”61"^0 exploslon ^ * 2.100 km) by SKD 

a - in M1 waves; b - in M2 waves recorded by wide-band 

equipment; c - ln waves (A = 890 km); d - in L waves 

A = 2,080 km); the numbered points are given to simplify 

tracing the trajectory. 
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M2_waves. The second group of shorter-period osculations in 

the train of the LR waves, which is attributed to the M, waves, 

usually arrives clearly either against a quiet background or against 

a background of oscillations of the M1 waves (Figure 57, c etc.). 

The M2 wave, -hich is known in seismology as the chief phase of 

Rayleigh wave, is the most intense. In a number of cases it 

can be clearly distinguished from oscillations in the M, wave by a 

zone of sharp decrease of the oscillation amplitudes. A clearly 

expressed normal dispersion is observed (Figure 57). The M, wave is 

po arlzed in the vertical plane, and the motion of soil particles 

in it is retrograde. M? waves can be distinguished with exceptional 

clarity in the recordings of wide-band SK seismographs in any propaga- 

tion paths of the LD waves. 
n 

^jiaves. A third group of usually regular oscillations in 

the train of the LR waves belongs to the L waves. This group 

arrives after the M2 waves and after damping of the oscillations in 

hem, or more frequently against their background (Figure 57, a, etc.) 

L0 waves are recorded most clearly by wide-band equipment or 
by equipment with a narrow passband. LQ waves are not recorded by 

equipment with ultra-long periods (UDS). 

The L0 waves are weakly polarised in the vertical plane. They 

are characterised by a relatively weakly expressed normal dispersion 

and a retrograde motion of the medium particles (Figure 58,c). 

In those regions where there is no layer of sedlmentary-metamor- 

phic rocks, the L0 waves are not recorded. For Instance, in 

records of stations located on the Baltic shield in the Scandinavian 

peninsula or close to it, where there are no sedimentary-metamorphic 

rocks, it is not possible to distinguish L0 waves. 

Hodographs. Figure 29, b and Figure show the arrival times 

of the Mj, m2, and L0 waves and the time of the maximum phase 
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in the Mj waves during the most powerful atmospheric and contact 

explosions recorded by a network of stations in Europe and Asia — 

that is, in regions with a continental structure of the Earth's core 

Figure 29, b and Figure 42 show the averaged hodographs for earth- 

quakes by lines for the M2 and Mmax waves [112]. In the hodographs 

for the waves being examined, a scattering of the experimental 

values for the travel times of the M1, M,, and L. waves and the 

maximum phase of the M2 waves can be seen. This Is due to the 

following basic causes: (1) it was not possible to distinguish 

the arrivals of the waves In all the stations, and It Is possible 

that the latest phases of the oscillations have been entered In 

the hodographs; (2) the propagation velocities of the waves may be 

different for some directions. This has been established for the 

M2 waves. This Is particularly Important for the LQ waves. 

From a comparison of the dependence on the eplcentral distance 

of the travel times of M2 and Mmax waves from explosions and earth¬ 

quakes, It is obvious that this dependence Is In general approximate!' 

the same for explosions as it is for earthquakes. 

Lp waves moving 
-g-long paths with an oceanic structure of the 

crust- In the USSR, M1 and Mj Rayleigh waves were recorded In 

stations equipped with long-period seismographs during the most 

powerful atmospheric nuclear explosions carried out by the USA In 

the Christmas Island region on June 10 and 27, 1962, and a number of 

others. When the M1 and M, waves were recorded at a temporary 

station at A = 8,880 km, the waves moved practically via an oceanic 

path, since the length of the continental path amounted to only 

1,000 km — that Is, about one-ninth of the entire path length. In 

the cases mentioned, L0 waves either were not observed, or were weak 

during atmospheric explosions, and also during contact explosions 

in the Marshall Islands, at the stations at Petropavlovsk-Kamchatskly 

Vladivostok, Magadan, and elsewhere. There is no layer of sedimentar 

rocks in the three stations mentioned. 
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and M2 waves, propagated along an oceanic trajectory during 

contact explosions in the Marshall Islands, were recorded in the 

USSR only at the stations of Petropavlovsk-Kamchatskiy and Yuzhno- 

Sakhalinsk. 

During contact and near-surface (h _< 2 - 3 km) explosions, the 

recordings of Lp waves traveling via oceanic paths obtained both in 

USSR and USA stations [246, 283, 288] were similar to the recordings of 

the Lp waves of earthquakes with their epicenters in the same region. 

A characteristic of the recordings of the waves traveling via 

oceanic paths is their great lifetime in the M2 group, or in the 

group following immediately after the M2 group. This is due to the 

presence of a layer of water along the propagation path of the waves. 

The recordings of the LR waves possessed an unusual feature during 

explosions carried out over Johnston Island (h = 33 and 70 km) [289]. 

There were two characteristic groups of oscillations, one with normal 

dispersion, and the other with anomalous dispersion. The latter 

waves were also polarized in the vertical plane; the motion of soil 

particles in them was retrograde and followed elliptical trajectories. 

The points of the group velocities of the given waves lie on a 

segment of the theoretical dispersion curve, located in the short- 

period part of the curve, to the left of the minimum of the group 

velocity in a wave with normal dispersion. The minimum is located 

at T ^ 13 seconds. 

Similar surface waves with anomalous dispersion were observed 

earlier in U.S. stations during a deep-water nuclear explosion, the 

Wigwam [290]. During earthquakes, these waves have been observed by 

Bath in individual cases. Their existence had been predicted earlier 

theoretically. 

Waves propagating in a layer of water with a velocity of 1.47 

km/sec (phase T) have also been observed. 
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Lrç waves propagating along mixed paths. Waves propagated along 

mixed paths have been recorded in the USSR In stations equipped with 

Golitsyn seismographs with a period of 22 seconds for the natural 

pendulum oscillations. Somewhat weaker records were obtained with 

SKD and SK seismographs. The and M2 phases were clearly recorded. 

Lq waves can be distinguished in the records very indistinctly 

at distances of A > 6,000 km. This may be due to the fact that the 

stations were at a considerable distance away from the epicenters and 

were located in crystalline rocks (the station of Sverdlovsk and 

others) or in regions with a thin layer of sedimentation (stations 

of Irkutsk, Tashkent, and others). In stations of the USA and 

Sweden, the same thing was observed in the records of the Rayleigh 

waves (the absence of the LQ waves) during atmospheric and contact 

explosions propagated along mixed paths [1^5, 3^6]. 

When a considerable part of the path of the LR waves passes 

along the ocean, there is an increase of the total duration of the 

record. This increase is conditioned by the presence of a layer of 

water. This same phenomenon is also characteristic for LR waves of 

earthquakes, when there are mixed propagation paths [3^6], 

During powerful high-altitude explosions carried out at 

elevations of more than several tens or hundreds of kilometers, two 

groups of intense surface Rayleigh waves are' produced — one with 

normal dispersion, and the other with anomalous dispersion. The 

presence of a group of waves with anomalous dispersion is a distinctive 

characteristic present only in high-altitude and deep-water underwater 

explosions. They have a relatively greater (by 2-2.5 times) 

intensity when the explosion takes place at a height of 70 km than 

when it takes place at a height of 33 km. This may indicate that 

explosions have been carried out at elevations higher than 70 - 100 

km [289]. 

The above-mentioned distinctive features of the record, in 

combination with other seismic indications (the absence or low 
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intensity of body waves) and also with specific electromagnetic 

phenomena (earth currents, radio-wave pulse, changes in the magnetic 

field), can be used in identifying high-altitude explosions and 

in tentatively estimating their height [128, 1^5, 3^» 3^8]. 

A characteristic feature of the records of Rayleigh waves in 

all types of explosions, which distinguishes them from the records 

of earthquakes, is the considerably shorter (by 10 - 20 times) 

duration of the entire oscillation train. 

During earthquaxes with M > *1.5 - 5.5» quite lengthy oscillations 

in the following part of the record (after the waves) are observed, 

ordinarily with periods of 20 - 13 seconds. They are attributed 

to the Airy phase. They are followed by irregularly-shaped "Coda” 

oscillations with periods of about 12 - 10 seconds. However, during 

explosions, the record of the waves is abruptly interrupted 

after short and Lq phases. The records of waves proceeding along 

the ocean are exceptions to this (Figure 57, b). 

As was shown by special model experiments and theoretical 

calculations for concentrated sources [213], the factors producing 

differences in the duration of the surface waves, in particular the 

Rayleigh waves, during explosions and earthquakes, are connected 

with the location of the source during explosions on or near the 

Earth's surface, and also with the direction of forces active in the 

source. 

§ 2. Comparison of the Dispersion Curves of Group 

Velocities of Rayleigh Waves from Explosions and 

Earthquakes, Propagated along Different Paths 

Below we shall examine the dispersion curves of the group 

velocities of LR Rayleigh waves during nuclear explosions with 

continental, oceanic, and mixed paths of propagation. They are 

compared with the observed curves of the waves excited by earth¬ 

quakes and propagated along close paths. 



km/sec 

Figure 59. Dispersion curves of 
group velocities of Rayleigh 
waves recorded during atmospheric 
explosions with different propa¬ 
gation paths. 

distribution of the paths from the 

earthquakes to the stations. 

Figure 59 gives examples 

of the dispersion curves of 

Lr waves with continental, 

oceanic, and mixed paths of 

propagation, recorded in 

stations of Europe and Asia 

for atmospheric and contact 

nuclear explosions in the 

Marshall Islands and in other 

regions . 

Figure 60 shows the 

epicenters of the explosions and 

Figure 60. Distribution of paths (4) of 
propagation of Rayleigh waves from 
atmospheric explosions and earthquakes 

1 - epicenters of explosions; 2 - epicenters 
of earthquakes; 3 - stations. 

Table 38 gives the group velocities of the waves for part of 
fl 

the paths studied. It was established that, for a given station, 

the dispersion curves observed during repeated explosions carried 

out at the same place are practically identical. 
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If the exact time and place of the explosion are known, and if 

it is also possible to plot the dispersion curves for many, in some 

cases for several tens of explosions carried out in the same place, 

this considerably increases the accuracy with which the group 

velocities can be determined. 

Examples of the dispersion curves of waves observed along 

continental, mixed, and oceanic paths, and the results of their 

interpretation are examined below. 

Continental propagation paths. The dispersion curves with 

continental propagation paths for explosions and earthquakes have 

been compared most fully for Europe ard Asia. 

A comparison of the dispersion curves of Lp waves propagating 

along continental paths through Western and Eastern Europe, during 

explosions and earthquakes with their eoicenters in northern Europe 

or northern Asia, reveals that they coincide very well. 

Mixed paths. The form of the dispersion curves of waves 

traveling along mixed paths depends to a very great degre.e on the 

character of the path. When the greater part of the path of the 

Lp waves goes along oceanic paths, the group velocities are greater 

than in those cases when the main part of the wave path goes along 

continents. As an example, Table 38 gives the group velocities of 

the Lr waves recorded in the Sverdlovsk station for an explosion in 

the Marshall Islands (.the greater part of the path was along 

continents), and in the Uppsala station for an explosion on Christmas 

Island (the greater part of the path was along the ocean, going 

through the Pacific Ocean, Alaska, and the North Pole). 

Oceanic paths. The network of island and coastal stations of 

the USA, Japan, the USSR, and other countries has established quite 

complete data about the dispersion of LR waves in the Pacific Ocean, 

both for atmospheric explosions at Christmas Island and for contact 
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explosions in the Marshall Islands. Studies have also been made of 

the dispersion curves of the LR waves for earthquakes coming from 

regions close to the epicenters of the explosions [283, 295, 346, 
etc.]. 

figure 6l. Dispersion curves of group velocities 
of Rayleigh waves propagated in Europe along 
mixed paths 

1 - during explosions; 2 - during earthquakes, 
according to data in [292]; I and II - theoretical 
curves according to data in [292]. 

Figure 62 gives an example of the dispersion curves for the 

paths being studied. The parameters of the medium for which the 

dispersion curves were calculated are given in Table 39. 

In this work, the thickness of the Earth's crust was determined 

for the north-west regions of the Pacific Ocean along the paths 

from the above-mentioned epicenters of explosions. The thickness 

of the Earth's crust in the Pacific Ocean along the path from 

Christmas Island to the southern tip of the Korean peninsula, and 

from the Marshall Islands to the stations of Hongkong, Tsukuba, 

and Petropavlovsk-Kamchatsky amounts on the average to about 10-11 

km. This agrees well with the values previously determined for this 

region both from explosions and from earthquakes [295]. Approximately 

the same crust thickness has been determined also in the eastward 

direction from the Marshall Islands (the stations of Suva, Honolulu 

and others [285, 295]). 
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Figure 62. Dispersion curves 
of group velocities of 
Rayleigh waves with oceanic 
propagation paths recorded 
during explosions on Christmas 
Island 

1 - experimental values at 
epicentral distance A » 8,880 km; 
2,3 - theoretical curves accord¬ 
ing to [188]. 

U M *0 Si 
T,sec 

TABLE 39. MEDIUM PARAMETERS ADOPTED IN CALCULATIONS OF THE 

DISPERSION CURVES OF GROUP VELOCITIES OF RAYLEIGH 

WAVES PROPAGATING ALONG OCEANIC PATHS IN THE PACIFIC 

OCEAN [188]. 

Thickness 
of layer, 

km 

Velocity of 
dilatational 
waves, km/sec 

Velocity of 
transverse 
waves , km/sec 

Density, 
2 

g/cm 

5-5^5 

0.454 

0.454 

5.0 

I.52 

I.50 

2.10 

6.41 

8.14 

0.50 

1.00 

3.7O. 

4.70 

1_ 

1.03 

1.70 

1.80 

2.84 

3.27 

Thus, a study of the dispersioi curves for the group velocities 

of Lr waves observed in many stations of Europe, Asia, and America 

during nuclear atmospheric explosions in the region of Christmas 

Island, and also during contact nuclear explosions in the Marshall 

Islands, showed that their character and the group velocities are 

practically the same as for waves propagated along near paths during 

earthquakes. Analogous data were obtained by the author during 

underground nuclear explosions. 
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The conclusion about the identical character of the dispersion 

of group velocities of Rayleigh waves during near-surface and surface 

nuclear explosions and shallow-focus earthquakes can be utilized 

for practical purposes. Prom the character of the wave dispersion, 

it is possible to determine approximately the region and the time 

of the explosion [1^5]. This is especially important in those cases 

when only the surface waves and not the body waves are recorded 

at a single station. 

§ 3. Dependence of the Oscillation Period in Waves 

on the Eplcentral Distance, the Param¬ 

eters of the Explosion, and the 

Magnitude of the Phenomenon 

In order to compare the character of T(A) in Lp waves caused 

by explosions and earthquakes, it is necessary to study the depen¬ 

dence of the period T of the maximum oscillations and the amplitude 

spectrum of the Rayleigh waves on A, the parameters of the explosion, 

Q and h, and the magnitude M of the seismic phenomenon. If these 

parameters were the same, this would provide experimental Justifi¬ 

cation for using the M scales [2*1, 122] (developed for shallow- 

focus earthquakes) for determining the magnitudes of seismic phenomena 

during explosions. 

In this section the results of experimental study of T(A) in 

Ld waves recorded mainly during atmospheric explosions are introduced, 
n 

Data obtained during contact and underground explosions are also 

given. However, these data are few in number, because the number 

of contact explosions was relatively small, and during underground 

explosions, LR waves were recorded in stations of the USSR only in 

some of the most powerful explosions at considerable distances A (A > 

5,000 - 6,000 km). 

The M2 waves were studied most completely; records of more than 

90 atmospheric explosions, five contact explosions, and five under¬ 

ground explosions were used. In the records of wide-band (SK) and 
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long-period (SKD, SG, Press-Ewing, Benioff, etc.) seismographs, when 

A ranges from 10 to 30-35°, these waves are the most intense in the 

group of Lp waves. The maximum amplitudes of the complete horizontal 

component in the Mg waves for 10° < A < 30-35° both for explosions 

and for earthquakes are 1.7 - 1.5 times greater than the amplitudes 

of these components in the waves with oscillation periods of 

20 - 40 seconds. 

Dependence on A of periods of maximum oscillations in Mg waves. 

The results of measuring the maximum periods of the and Mg waves 

in the records of stations located at different distances A are 

shown in Figure 63 and in Table 40. 
wsec 

to 

u 

Figure 63. Averaged dependences of the period of 
M^ and Mg Rayleigh waves on the epicentral distance 

during atmospheric explosions. The average curve 
for Mg waves of earthquakes from data in [122]j 

the dots are periods from different epicenters; the 
broken curves outline the areas containing dots 
pertaining to M^ and M^ waves. 

The values of TM in the records of vertical and horizontal 

instruments practically coincide when there are repeated explosions 

in the same region. This makes it possible to examine the total 

combination of data obtained by horizontal and vertical seismographs 

at the same time. The periods of the Mg waves recorded for the same 
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A by equipment of the same type from two regions with similar 

seismogeological structure have similar values. Therefore, the 

entire set of data about the periods of the M2 waves produced in 

regions with a continental structure of the Earth’s crust during 

atmospheric explosions is examined at the same time. The greatest 

epicentral distance for a continental path was 73°. 

..***»ia.r-amarkafe-1 e Im-the-samer -stafiohs; ‘the periods* were' * 

very similar in the records of different types of seismographs. 

This phenomenon is explained by the relatively narrow amplitude 

spectrum of the M2 waves (see § 6 of this chapter). 

As a result of analyzing numerous records of Rayleigh waves, 

it was established that in all types of nuclear explosions, together 

with the increase of A, an increase in the period of the maximum 

oscillations in the M2 waves is observed. The dependence on A of 

the average periods in the M2 waves (Figure 63) may be approximated 

by a curve of the type T(A) ^ 0.85 i/Ã*, which was established in 

[122] for the corresponding waves of shallow-focus earthquakes. 

The deviation of the average values of T^ from the approximate 

dependence does not exceed 10 - 15¾ for most of the stations, and 

only individual stations give deviations of up to 25¾. The deviations 

mentioned fall within the range of values established for earthquake 
waves. 

According to the data from stations in the USSR, obtained during 

a rather small number of underground explosions, the dependence of 

Tm? on A in the range from 300 - 500 to 10,000 km is generally the 

same as during atmospheric explosions and earthquakes. The most 

complete data were obtained for continental propagation paths of 

the M2 waves of atmospheric explosions. The changes undergone by 

T(A) in mixed and oceanic propagation paths of the waves from the 

explosions mentioned at 3,000 km < A < 13,500 km agree satisfactorily 

with the corresponding dependence T(A) for the continental propagation 

paths during earthquakes. 

FTD-HC-23-721-71 258 



It is clear from an analysis of the experimental data that the 

character of the changes undergone by the periods together with 

changes of A, as well as the values themselves of at the same 

distances A for the maximum oscillations in the M2 waves during 

atmospheric, contact, and underground explosions carried out in 

different regions, are the same as those during shallow-focus 

earthquakes. The changes in T = T(A) do not depend on the intensity 

of the explosion," ñor "on 'its" height or ‘magnitude- of -the- phenomenon*.- - 

This shows that the period of the maximum oscillations in the M2 

waves depends very little, or not at all, on the type of source 

(earthquake or explosion). 

Character of the changes of T(A) in the waves. The changes 

in the maximum values of the periods in the train of waves, 

together with the epicentral distance during atmospheric and contact 

explosions with 4.5 < M < 5-5, was studied from the records obtained 

by long-period seismographs. The results of the reasurements are 

given in Table 40 and shown in Figure 63. In the records of SK 

seismographs, it was usually not possible to distinguish the first, 

longest-period oscillations due to the low amplification of the 

equipment in the range T > 20 - 25 seconds. The values of T given 

in Table 40 for stations equipped with SK seismographs evidently 

refer to the ensuing oscillations in the train of waves. This 

observation refers to some of the records of SD seismographs in 

particular, to records obtained during explosions with M on the order 

of 4.5 or less. 

An examination of the dependence T(A) for the M1 waves (Figure 63) 

reveals clearly that, as A increases, the maximum periods of oscilla¬ 

tions in the M1 waves increase relatively little. In most cases, 

the maximum periods in the M1 waves are about 40 - 50 seconds in 

all types of explosions, and only in individual stations did they 

reach values of 60 - 75 seconds. Just as for T(A), no dependence 

of the period in the waves on the height and intensity of the 

explosions was observed for the M2 waves. 
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The dependence T(A) in the waves in all types of explosions 

is practically identical, and it is approximately the same as in 

earthquakes with comparable magnitudes. The latter follows as a 

result of the fact that the dispersion curves of the group velocities 

of Lr waves are of the same type during explosions and earthquakes 

with similar propagation paths (see § 2 of this chapter). It must 

be noted that the dependence T(A) for the waves was studied from 

considerabîy less complete data than the corresponding dependence 

for the M2 waves. 

The uniform dependence of T(A) in the waves and their uniform 

dispersion curves during explosions and earthquakes with comparable 

magnitudes indicates that they are determined chiefly by the structure 

of the crust and the upper mantle along the propagation path of the 

surface waves, and hardly depend, or depend to a very small degree, 

on the type of source. 

Dependence T(A) in the Lq waves. It has been established that 

the periods, both of the maximum oscillations in the train of Lq 

waves, and the oscillations with the largest periods (the latter 

oscillations are confined to the beginning of the train), depend 

basically on the seismogeological structure in the region of the 

station, and depend to a relatively insignificant degree on the 

epicentral distance. At a distance of A > 1,500 - 2,000 km, there 

is no dependence of the periods on the type of explosions and their 

parameters. For stations located in regions with a thick (approxi¬ 

mately 5-10 km) layer of sedimentary or sedimentary-metamorphic 

rocks, the periods in the Lq waves underwent approximately identical 

changes — from 10-8 seconds at the beginning of the train to 

6-5 seconds at the end of the train when there was a change in A 

from 2,000 to 10,000 km. The above-mentioned changes of T in the LQ 

waves were observed, for instance, at the Ashkhabad station during 

explosions in the Marshall Islands (A = 10,660 km). In stations 

located in metamorphic rocks, the periods in the train of Lq waves 

changed from 6 - 5 to ^ - 3 seconds. 
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Because of the considerable dependence of T ln L waves on 

““r::““1 •r""* - - --—«-™ 
for these waves. P°SSlble t0 eStabUsh an dependence T(A) 

5¾. SEectra of_Lp Waves from E.mos^n. 

and Earthquakes 

The study of the amplitude spectra of t-he t zz:qu*kes was airaea at a —» of the foMzi:;:10810"8 

1. Selection of the optimum parameters of the receivintr „ , 
ment for recording L wave*? Hhoao e<îu^P“ 
Of Chapter m). * UheSe qUe5tl°nS are deal‘ ««h In S 5 

2. Clarification of possible differences In the spectra of the 
Lr waves during distant (A > 1,000 - 1 son i™, , e of the 
dlff#a^on4- 1- ■L>500 km) explosions of 
ifferent types and during earthquakes. 

3. Establishing the differences In the selsmogeologlcal 

reglOh!*re al0nS the Pl'0PaSatl°n Path of the waves and In the focus 

Pn order to solve these problems, spectra of the L waves 

in7 ie oTa ZT tyPr °f eXPl°Sl0nS and dUrl"g o^rthouetes 

were studied 7 km t0 10>000 ' km, 

fell w th n I T““"63 °f the eXPl°Sl0nS and aaf‘^aaXeS xeii within a range of M from H to 6. 

Studies were made of the spectra of waves traveling via contln 

en al, oceanic, and mixed paths. Most widely used in these 

were the records obtained in the USSR with ih k S l* 63 
tvoes SK ana sen a 1 wlde-band equipment of 

long n , T ’ th°Se °btalred ln r°ral8n stations by selective 
long-period and ultra-long period equipment (long-period selsmog^ph! 
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of the Benioff and Press-Ewing types). The maximum amplification 

occurred at T » 25 seconds and larger values. 

Since in many cases the M2 and Lq waves cannot be distin¬ 

guished from each other, the spectrograms of the entire record of 

the Lp waves are examined. It should be mentioned that the spectra 

of the entire record of the Lp waves are also examined in [3*16]. 

The durations of the records of the waves vary during 

earthquakes., depending on the epicentral distance and the magnitude 

of the phenomenon. In connection with this, the duration of the 

analyzed sections of the record also underwent changes. The dura¬ 

tions of the analyzed sections At are indicated on the corresponding 

spectra. As a result, the spectra which are examined are those of 

the records of the LR waves obtained by vertical seismographs and 

not complicated by superposition of other waves. In those cases 

when spectra of records obtained by horizontal instruments were 

examined, those selected for analysis were the seismograms of radially 

installed horizontal seismographs, not complicated by superposition 

of Love waves. 

Under the above-mentioned conditions, the spectra of the records 

of the Lr waves obtained by horizontal and vertical seismographs of 

the same type were practically identical (Figure 64). 

9 

In the study of the basic characteristics of the spectra of the 

Lp waves, of the periods Tmax of their basic maxima, and also of the 

boundary periods Tlef>t and Trlght> taken at a level of 0.5 of the 

value of the maximum amplitude of the maximum under examination, 

corrections were Introduced into the spectra for the irregular 

amplification of the equipment. Corrections for the irregular 

amplification of the equipment were not introduced when comparing 

the spectra of LR waves recorded at the same station by equipment of 

the same type during different types of explosions and during earth¬ 

quakes . 
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.. a 

*0 T, sec 

'igure 64. Amplitude spectra 
of Rayleigh waves from an 
atmospheric explosion 
recorded by wide—band seismo¬ 
graphs (A = 700 km) 

L — vertical componentj 2 — 
lorizontal component. At = 
537 seconds; here and below 
;he scale on the vertical 
axis is arbitrary. 

Character of the spectra of 

During explosions, 

and also during earthquakes, the 

aves in 

the Lr waves. 

M. M2, Lq and some other 

many cases have no time separation^ 

in the recordings, and the train of_ 

oscillations in the LR waves appears 

to be a result of interference.^ 

This, together with other factors, 

determines the presence of a number 

of extrema in the spectra of the 

Lr waves. The maxima which are 

dominant in the amplitude are 

connected with the M1 and M2 waves. 

They can be seen in spectra of 

Lr waves recorded at a A from 

800-1,000 to 10,000 - 12,000 km 

in all types of explosions and 

during earthquakes traveling via 

continental, oceanic, and mixed 

paths (Figures 65 - 68).. The 

maximum amplitudes in both maxima 

ire commensurable. Their periods, hereafter designated as and 

n most cases are close to the periods of the maximum oscillations 

Ln the recording of the and Mj waves, respectively (see S 3), an 

ire also close to the periods of the maxima In the spectra of the 

recordings which are visually related to the ^ and M2 waves. 

In most cases, the periods of the maxima and during 

explosions and earthquakes recorded in a range h = 1,000 - 10,000 km 

fall within the ranges: - from 20-30 to 30-W seconds; - 

from 10-12 to 18-22 seconds. 

In the spectra of many records, extrema in periods of 40-50 

seconds and more can also be distinguished, having In a number of 
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Figure 65. Spectra of 
Rayleigh waves from atmos¬ 
pheric explosions recorded 
by wide-band spectrographs 
along close continental 
paths 

.¾ ~ A.= 2 * W.O km,. .At . 11.0.6. s ec4. 
b - A = 3,8^0 km. At = 363 sec 

'f/n\ 
f.- 1 ,1 n _I 1/ v'-V A 
'-4 /V 

0 ¿ 0 H 1 SO 
T,sec 

Figure 66. Example of amplitude 
spectrum of Rayleigh waves from 
an atmospheric explosion moving 
along an oceanic path. 

(A = 8,800 km. At = 6OO sec) 

Figure 67. Spectra of surface 
waves recorded at the same 
station (A = 3,500 - 8,000 km) 
from different sources in a 
continental region, corrected 
for irregular amplification of 
the equipment. 

1,2 - underground explosions; 
3,^ - earthquakes 
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Figure 68. Spectra of Rayleigh vaves from earthquakes 
with epicenters in various regions of the Pacific 
Ocean belt, recorded by the Pasadena station 

a - oceanic paths; b - continental paths (from [3^6]) 

cases either the greatest amplitudes, or amplitudes of the spectral 

components which are commensurate with the corresponding amplitudes 

in the extrema with periods TM and T„ (Figures 64, 65 etc.). 
“l 2 

However, the sections of the spectrum with T > 45 - 50 seconds were 

not studied in detail due to the small amplification of the equipment 

in the given range of periods. 
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In those cases when in the region of the station there is a 

thick layer of sedimentary or sedimentary-metamorphic rocks, with 

which the Lq waves are usually connected in the recordings, there is 

also a supplementary maximum in the spectrum. The period of this 

maximum is usually close to the period of the maximum oscillation 

in the train of Lq waves (approximately 6-10 seconds). The 

amplitudes of the maxima with T. are comparable with the corres- 
0 

-pc-ndtag-valttes -for- the- maxlmtr wi'th“T^- "£ttd*T~" *óñly ‘at*‘Æ V T'/OOO'-—" * 

i,O0O km, and this occurs to a greater degree during underground 

explosions and earthquakes than during atmospheric explosions (Figures 

68 and 69). At a distance of A > 5,000 - 6,000 km, the amplitudes 

of the maxima with periods of during explosions and earthquakes 

with M < 4.5 - 5.5 usually do not exceed 5 - 10¾ of the amplitudes 

of the maxima with T and T (Figure 67 etc.). 
1 

Examples of numerous spectra of LR waves from different types 

of explosions and earthquakes have established that, together with 

the increase in A, there is a considerable decrease in the relative 

contribution of the short-period components with periods of less 

than 10 seconds (Figure 6?) to the spectra of the waves being 

studied. As a result of this, in all types of explosions arid earth¬ 

quakes with similar paths, the basic features of the LR wave spectra 

become similar at a distance of A > 4,000 - 5,000 km (Figure 66). 

An increase of and with the increase oj* A is also observed. 

Since, with comparable values of M and A, the duration of the 

train of LR waves during atmospheric, contact, and underground 

explosions is considerably shorter than during earthquakes, the 

width of the spectrum during explosions should be somewhat broader 

than during earthquakes. However, this can be clearly seen only at 

relatively short A (up to 2,000 - 3,000 km) (Figure 69). At a 

distance of A > 4,000 km, it is not possible to detect this feature 

of the spectra of the LR waves from atmospheric explosions, chiefly 

due to the strong dependence of the spectrum on the structure of the 
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medium along the propagation path of the waves and due to the 

considerable attenuation of the short-period components with an 

increase in A. It must be noted that the width of the spectral band 

is determined very approximately, and the methods of determining it 

have not yet been formalized. 

A comparison of the spectra of explosions and earthquakes 

traveling along the same paths is given below. It should be noted 
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that the shape of the spectra can be compared in a range of periods 

in which the amplitudes of the spectral components are not less than 

10 - 15Ï of the maximum amplitudes in the spectrum being studied. 

This is connected with the fact that the accuracy with which the 

spectra are calculated in different computers with different programs 

does not exceed 5 - 10¾. 

Shape of L- wave spectra during atmospheric explosions from the 

same epicenter. The spectra of the LR waves recorded at the same 

station, at a distance of A > 1,000 - 1,500 km, during atmospheric 

explosions of the same type with very similar intensities and heights 

and from the same epicenter, are very similar. In these cases the 

Lr wave spectra are similar in their basic qualitative features. 

The distribution of the extrema is approximately retained — that 

, and Tt do not change. However, the is, the values of TM , T„ 
* M, lt do not change. 

^0 
ratios between the amplitudes of the corresponding spectral components 

depend on the period when the intensity of the explosion changes. 

Quantitative studies have not yet been made of the ratios for 

the spectral component amplitudes as a function of the intensity of 

the explosion for contact and underground explosions. However, it 

is apparently not as significant as in the case of atmospheric 

explosions. 

Dependence of the shape of the LR wave spéctra on the seísmo- 

geological structure along their propagation path. As was shown 

above, the spectra of the LR waves from explosions and earthquakes, 

recorded at distances of A > 2,000 - 3,000 km in different stations 

with A close to each other, are qualitatively similar in their basic 

features when they follow continental, oceanic, or mixed paths of 

propagation of the same types. But the spectra of the LD waves 

differ very noticeably when the propagation paths are of different 

types, both during explosions and during earthquakes (Figures 65 - 

69). These differences appear in changes in the shape of the basic 

maxima, the values of their periods, the width of the bands, their 

amplitude ratios, and also in the somewhat different dependence of 
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the above-mentioned spectral characteristics on A. 

A characteristic feature of the LR wave spectra with oceanic 

propagation paths for explosions and earthquakes are two, most 

distinct maxima, whose amplitudes are commensurate. These maxima 

are connected with the and Mg waves (Figure 67 etc.). A charac¬ 

teristic feature for the spectra of the Mg waves recorded at distances 

of A > ,000 km is the sharp drop of the spectral component ampli- 

—tudec* from--the max-imum towards the shorter-periods-, beginning with 

T = 16 - 18 seconds (Figure 66). There is also a considerable 

narrowing of the band in the section of the spectrum with maximum 

T,. in comparison with the band of the same section when a contin- 
M2 

entai path is followed. This is caused by the increase in the 

duration of the recording of oscillations in Mg waves, due to the 

presence of a thick (5 km) layer of water along the propagation path 

of the Lr waves. 

/ihen spectra of the LR waves of contact and atmospheric 

explosions, and also of earthquakes with oceanic propagation paths 

are compared (Figures 66 and 67), it is obvious that at distances 

of A > 3,000 km, they are almost identical to each other, both 

at a single station and in different stations. This similarity in 

the character of the spectra is caused by the relative similarity 

of the seismogeological structure of the oceanic crust and the upper 

mantle underlying it. 

When they travel via mixed paths, the spectra of the LR waves 

recorded in adjacent stations usually differ considerably from each 

other, both for the same explosion or earthquake and for different 

explosions and earthquakes. The difference in the form of the 

spectra in this case is connected with the great changes in the 

seismogeological structure along the wave propagation path, and not 

with the type of the source. 

It must be observed that in the spectra of LR waves, recorded 

during powerful underground explosions, some differences from the 
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spectra of the waves from other sources are apparent. The width 

of these spectra, as a rule, is somewhat narrower, and the maximum 

of the basic extremum is shifted toward shorter periods. 

The similarity of spectra of the LR waves moving along the 

same paths, or along paths whose structure is very similar (this 

similarity is observed in various types of explosions except under¬ 

ground ones, and also in earthquakes) reveals that the Rayleigh wave 

recordings depend very little on the type of source and are determined 

by the structure of the medium on the propagation path of the waves. 

The strong dependence of the amplitude spectra on the structure of 

the medium on the wave propagation path conceals to a significant 

degree the distinctive features of the spectra, which are determined 

by the differences in the type of sources in the case of explosions 

and of earthquakes. 

The analysis of the spectra of Rayleigh waves has led to the 

following conclusions: 

1. At a distance of A > 3,000 - 4,000 km, the basic features 

of the spectrum of LR waves in all types of explosions and during 

earthquakes are determined mainly by the seismogeological structure 

along the propagation path of the waves. 

2. The non-uniformities in the seismogeological structure along 

the propagation path of LR waves influence their spectra so greatly 

that, in the range of periods from 5-8 to 40-50 seconds, which has 

been studied at a distance of A > 1,000 - 1,500 km, it is not 

possible at the present time to distinguish between explosions and 

earthquakes based on the character of the spectrum. Statistical 

calculations have not yet substantiated consistent differences in 

the spectra of LR waves from underground explosions and earthquakes 

at a distance of A > 2,000 - 2,500 km. This question requires 

further clarification. 
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the above-mentioned spectral characteristics on A. 

A characteristic feature of the wave spectra with oceanic 

propagation paths for explosions and earthquakes are two, most 

distinct maxima, whose amplitudes are commensurate. These maxima 

are connected with the and M2 waves (Figure 67 etc.). A charac¬ 

teristic feature for the spectra of the M2 waves recorded at distances 

of A > 4,000 km is the sharp drop of the spectral component ampli¬ 

tudes from the maximum towards the shorter periods, beginning with 

T = 16 - l8 seconds (Figure 66). There is also a considerable 

narrowing of the band in the section of the spectrum with maximum 

Tjyj in comparison with the band of the same section when a contin¬ 

ental path is followed. This is caused by the increase in the 

duration of the recording of oscillations in M2 waves, due to the 

presence of a thick (5 km) layer of nater along the propagation path 

of the Lr waves. 

When spectra of the LR waves of contact and atmospheric 

explosions, and also of earthquakes with oceanic propagation paths 

are compared (Figures 66 and 67), it is obvious that at distances 

of A > 3,000 km, they are almost identical to each other, both 

at a single station and in different stations. This similarity in 

the character of the spectra is caused by the relative similarity 

of the seismogeological structure of the oceanic crust and the upper 

mantle underlying it. 

When they travel via mixed paths, the spectra of the LR waves 

recorded in adjacent stations usually differ considerably from each 

other, both for the same explosion or earthquake and for different 

explosions and earthquakes. The difference in the form of the 

spectra in this case is connected with the great changes in the 

seismogeological structure along the wave propagation path, and not 

with the type of the source. 

It must be observed that in the spectra of I.R waves, recorded 

during powerful underground explosions, some differences from the 
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ln fh3- The analysls °f LR wave Is qualitative, especially 
n the range of periods T > 30 - i(0 seconds, since the equlpraent 

n the above-mentioned range of periods has a relatively small 
amplification. 

—Ratios of Amplitudes of Horizontal 

and Vertical Components in Rayleigh Waves During 

Contact and Atmospheric Explosion* 

During earthquakes, Rayleigh waves are polarised In a vertical 

Plane, and particles from the medium move along an ellipse In the 

com!l!ti0nhfT the Statl0n t0WardS the ePloenteI-- The ratio of the 
P te horizontal component of soil displacement In Rayleigh waves 

the vertical component Az Is close to the theoretical value 

which Is 0.68 [112] for a Poisson ratio of o = 0.25. 

Taking into account what has already been said, the magnitudes 

earthquakes may be determined not only by means of horizontal 

seismographs, for which calibration scales have been worked out, but 

also by vertical seismographs. However, In this case, the values 

Of M will be 0.18 magnitude units too large. 

of R V!nwbe detern,ined fr0m the recordings of the vertical components 
Rayleigh waves more reliably m many cases. Inasmuch as the 

recordings of vertical Instruments are not complicated by the super- 
position of Love waves. 

In this section, we will study the k^/A ratio in Rayleigh 

waves caused by nuclear explosions. 

Ah/Az ratio for and M2 waves propagated along continental 

paths during atmospheric and contact explosions. The A 'h ratio 

Rayleigh waves caused by atmospheric and contact explosions was 

studied by means of the recordings obtained by SK and SKD seísmo- 
graphs. m' 

The ratios of the maximum amplitudes ky[/k^ in the waves v/er 

FTD-HC-23-721-71 271 



primarily studied. The character of the changes in A /A„ in the M 

waves for various stations in the USSR is seen clearly from the 

data given in Table 41. 

It is clear from Table 4l that for a number of stations — both 

those at small distances such as 4 = 180 km, as well as those at 

considerable distances such as 4 = 5,217 km — the mean values of 

the AH/AZ ratio In the Mj waves are close to the theoretical value, 

which Is 0.68. Close agreement between the experimental and the 

theoretical values Is observed more often In stations located In 

crystalline or metamorphlc rocks, for which the Poisson ratio Is 
close to O.25. 

The value of AH/AZ in stations located in a thick layer of 

sedimentation in some cases surpasses by I.5 - 2 times the value of 

0.68. The mean value of A^/A^ in all stations amounts to 0.94 + 0.24 

in explosions in one region, and to 0.86 + 0.25 in explosions in 

another region. It must be noted that the values of AH/A7 found by 

means of the waves from the scale in [214], and by means of the 

M2 waves from the scale in [122], practically coincide. 

A comparison of AH/AZ for M, waves determined in the same stations 

uring explosions in various regions revealed that in some stations 

these values were very similar, while in others they differed 

considerably (up to I.5 - 2 times). 

§ 6. Dependence of A/T on A in Waves 

In this section, on the basis of experimental data obtained 

chiefly during atmospheric explosions, the dependence of A/T on A in 

M2 waves during explosions is compared with the corresponding depen¬ 

dence for earthquakes. The average values of A/T(A), calculated 

from the calibration curves of the M scales [24, 122], were examined 
for the earthquakes. 
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The dependence A(A) for M2 waves as found from the explosion 

data shows a large scatter in comparison with the values calculated 

from the calibration curve. This is due to differences in the 

geological structure in the region where the station is located, 

which leads to a certain difference in the value of TM for the 

A 2 
same A. 

The attenuation of the maximum oscillation amplitudes in the 

and M2 waves recorded during explosions has generally the same 

character as during earthquakes [5> 11*0 (see § 2 of this chapter). 

Therefore, the dependence A(A) is not examined. 

Methods of plotting average dependence A/T(A) in M2 waves. It 

was necessary to first normalize the observed values of A/T(A) in 

order to process statistically the entire set of data of A/T(A) 

obtained during various explosions differing both in intensity and 

height, and consequently, also in magnitude. This normalization 

was carried out by the following two methods: 

1. The experimental values of A/T(A) were plotted in the 

system of coordinates lgA/T;lgA for the given explosion. The 

dependence A/T(A) calculated from the calibration scale or from 

the following equation, derived from [2*4], was plotted on this same 

graph with respect to the average magnitude M for the given 

explosion: 

M -- lg (A/T) — 1 ,G6 Ig A° -f 3,3. (27) 

This equation closely approximates the tabular values of the 

calibrated scale [122]. Then, by successive superposition of the 

curves calculated by the calibrated scale for the given M , we 

transferred onto the same graph the experimental values of A/T(A) 

observed for explosions, both with the same and different values 

of Q and h. The same procedure was followed separately both for 

the complete horizontal and for the vertical components. 
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The normalize'■ion method described above was used when plotting 

the composite graph for A/T = A/T(A) for explosions in different 

regions, including those in the Marshall Islands. 

The composite dependences of A/T(A) plotted by the method 

described above for the complete horizontal and vertical components 

observed in the range of A = 180 - 3.500 km during atmospheric 

explosions and from 4,000 to 9.000 km during contact explosions in 

the Marshall Islands are shown in Figure 70. The magnitudes of 

the explosions fluctuated from 3-5 to 6.0. 

2. A somewhat different 

method of normalizing the 

experimental values of A/T(A) 

was selected for averaging the 

data obtained only during 

atmospheric explosions. In 

this case, the lg(A/T) curves 

plotted as a function of IgA 

for different explosions were 

normalized by superimposing 

the values of lg(A/T) on the 

same station. This method was 

selected because the epicenters 

of the*explosions remained 

practically unchanged. 

Figure 70. Dependence of A/T on 
A for horizontal component of 
M2 Rayleigh waves during 

atmospheric and contact 
explosions 

1 - calibration curve from data 
in [122]; 2 - experimental values. 

100-kilometer range, are given in 

explosions amounted to 3-6 to 5*8 

Composite graphs showing 

the dependence of lg(A/T) on 

IgA for the complete horizontal 

and vertical components are 

shown in Figure 71, and the 

values of A/T, averaged for a 

Table 42. The magnitudes of the 
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mieron/sBC 

1 - observed values; 2 - average values; 3 - 
calibration curves from data in [122]. 

Dlocussio_n_of results . An examination« of the averaged data 

given in Figure 71 and in Table 42 reveals that, for the explosions 

being studied, the general shape of the dependences A/T(A) in the 

interval L = 1,000 - 10,000 km for the complete horizontal and the 

vertical components can be approximated with some accuracy by an 

equation like (27), which was established for the M2 waves of 

shallow-focus earthquakes. 

In order to estimate the scatter of the experimental values of 

A/r(A), calculations were made to determine the mean arithmetic 

deviations 6 and the mean square deviations a of a single measuremen 

from its mean arithmetical value A/Tmean determined in a one-degree 



interval (Table 1|2). For most of the stations, 5 varies from 5 to 

10*. 

The- differences in the values of õ for different stations are 

due to a number of causes, the rajio of the signal level to the 

microseism level, the intensity and height of the explosion, the 

azimuth towards the epicenter, etc., which, naturally, varied from 

explosion to explosion at the individual stations. However, it is 

very difficult to take these factors into consideration. 

Estimates were also made of the deviation of (A/T) from 
mean 

the calibrated curve approximating them. In the range of A under 

consideration, the mean-square relative deviation of a single 

measurement from the calibrated curve Is on the order of 5 - 7Í* 

The values of õ obtained in determinations of A/T(A) show that 

the magnitudes of explosions can be determined by the calibrated 

scale In [122] with an accuracy of 6 =+0.2 magnitude units from 

the data of 10 - 12 stations without taking into account station 

corrections. This is a relatively high accuracy, which has been 

attained in a number of cases in practice when determining the M 

of earthquakes. By introducing station corrections, this accuracy 

can be further increased by at least a factor of two X — that is, 

errors in M can be reduced to + 0.1 magnitude units. 

# 

It is especially necessary to distinguish the area of A up to 

500 - 600 km, in which values of A/T which are too low are observed 

for the horizontal and vertical components, and consequently 

magnitudes Mst at the given stations which are too low in comparison 

with their mean values I^I ,. It has been established that the 
mean 

deviations AM = - M , increase with an increase in M. The mean st 
cause for this may be that the more powerful explosions — that is, 

the explosions with greater values of M — are carried out as a rule 

at greater altitudes than the less powerful explosions. This 

influences the spectral composition of the oscillations in the M^ 
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waves recorded at distances A of up to 500 km. At distances of 

A > 800 - 1,000 km, the spectral composition of the oscillations in 

the M2 waves depends to a larger extent on the character of the path 

than is the case with smaller values of A. The influence of the 

spectral composition of the oscillations in the source is greatly 

concealed by the influence of the medium. 

It must not be ruled out that the calibration values of lg A/T 

for A < 500 km have been determined with insufficient accuracy. 

Thus, the analysis of numerous experimental data shows that 

the relationship A/T(A) in the M2 waves from atmospheric and contact 

explosions carried out in different regions in a range of epicentral 

distances from 1,000 to 10,000 km is close to the analogous 

relationship established in [24, 120-126, 215] for shallow-focus 

earthquakes. In the above-mentioned range of A, its character does 

not depend on M. This indicates that the calibrated scales worked 

out for earthquakes may possibly be used during explosions. 

In the range of A < 500 km, a dependence of A/T(A) on the 

magnitude is observed. When M changes from 3.5 to 5.7, AM reaches 

a value of approximately 0.5 - 0.9 magnitude units. Therefore, when 

using the M scales for A < 500 - 6OO km, the corresponding corrections 

must be taken into consideration. 
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Section 2 

Love Waves and Channel Waves 

S 7. Love Waves 

Love waves Lq have been recorded only during atmospheric and 

underground nuclear explosions. During atmospheric explosions, it 

was not possible to record them from all regions. During underground 

explosions, it was not possible to record them during all the explo¬ 

sions carried out in a given region. In atmospheric explosions, Ln 

waves were observed in those cases when a part of their path went 

across seas or oceans. 

In cases when Lq waves were recorded, it was usually possible to 

distinguish them quite reliably in the recordings. In this case, the 

following distinctive features of the recordings are the criteria for 

the Lq waves. The same also applies to Lq waves in earthquakes: 

1) The Lq waves propagate with faster velocities than the LR 

waves, and therefore they first appear in the group of long-period 

oscillations (see Figure 27, d. Figure 57, d. Figure 72, Figure 73, b). 

2) Vertical instruments do not record these waves. 
$ 

3) When the horizontal instruments are oriented exactly towards 

the epicenter, the waves are observed only in the transverse component. 

4) In cases when the horizontal instruments are arbitrarily 

oriented, the motion of medium particles in the Ln waves proceeds y 
along an ellipse lying in the horizontal plane; the major axis of the 

ellipse is perpendicular to the epicenter-station line. 

5) The periods of the Tt waves increase with changes in A 
LQ 

according to the same laws as for earthquakes (Figure 74). 
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Figure 73. Motion trajectory of particles in the 
medium for Love waves (a), and recording of these 
waves taken by wide-band seismographs (b) during 
an atmospheric explosion (A = 3»660 km). 

The numbered points are given to facilitate tracing 
of the trajectory. 
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6) A normal dispersion of group velocities is characteristic 

for Lq waves. 

7) Changes in the amplitude A and in the A/T ratio with changes 

in A following practically the same laws as those which apply to the 

Lp waves . 

The recordings of the LQ waves during atmospheric and underground 

explosions are briefly characterized below. 

Atmospheric explosions. The Lq waves have the appearance of a 

short oscillation train with normal dispersion of the group velocities. 

At distances of A > 2,000 - 3,000 km, the train usually consists of 

4- 5 oscillations with clearly expressed leading and trailing fronts. 

The periods of the Lq waves in the initial part of the recording 

increase with increases in A in accordance with approximately the 

same laws as those which apply to the periods of the waves of 

explosions and earthquakes (Figure 7*0 . At distances of A £ 1,000 km, 

in the recordings of wide-band seismographs, the periods amount to 

about 10 sec, and at a distance of A ^ 4,000 km they amount to 

13 - 15 seconds. At the end of the train, the periods amount to about 

5- 8 seconds. In the recordings of long-period seismographs, the 

periods of the Lq waves at a distance of A ^ 2,000 - 3,000 km amount 

to 30 - 40 seconds. The number of oscillations in a train, 1 

recordings of ultra-long period equipment, is somewhat less (usually 

2-3) than in the recordings of wide-band seismographs. The periods 

in the L^ waves at a distance of A > 2,000 - 3,000 km in the record- 

ings of this type of seismographs practically do not depend on the 

intensity of the explosion. 

The trajectory of motion of the medium particles in the Lq 

waves assumes the shape of an ellipse in the horizontal plane 

(Figure 73, a). The ellipse major axis is perpendicular to the line 

going through the epicenter and the station. 
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6 sec 
The dispersion curves of 

the group velocities for the LQ 

waves observed in the Russian ^ 

platform are very close to the 

corresponding dispersion curves 

for earthquakes in nearby regions. 

In the cases under study here, 

the group velocities of the L 

waves amount to vgr - 3.8 km/sec 

at T = l|8 sec, and v^ « 3.2 km/se< 

at T = 15 sec. The propagation 

velocity of the maximum phase of 

the oscillations in the L« waves y 
exceeds the propagation velocity 

Of the M2 waves (see the hodographs of the M2 and LQ waves in 

Figure 42). The intensity of the maximum oscillations in the L0 waves 

at short distances of A ¾ 500 - 1,000 km in a number of cases is 

Figure 74. Averaged dependences 
of the period in Love waves on 
A: 

1 - for atmospheric explosions; 
2 - for earthquakes. 

somewhat smaller than for the Rayleigh M, waves (Figure 27, d). 

However, at greater distances of A > 1,500 - 2,000 km, thi¡ intensity 

becomes approximately the same as for waves (see Figure 57, d 

and Figure 73, b). 

In a number of stations, Lq waves were not recorded during 

powerful atmospheric explosions. In this connection. In [145] and 

In other studies. It was proposed that the fact that L0 waves were 

absent during atmospheric explosions be used In order °o distinguish 

waves caused by explosions from waves caused by earthquakes. However 

the experience of stations In the USSH and other nations [295] in 

recording Love waves during the same atmospheric explosions. In which 

some seismic stations did not record these waves. Indicates at any 

rate that this criterion Is ambiguous and of little effect. 

Undergound explosions. The recordings of L. waves obtained durl 
un erground explosions are Just as clear as those obtained during 

atmospheric explosions (see Figure 57, d). All the kinematic and 
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dynamic characteristics of the Lq waves during underground explosions 

are no different from the characteristics of Lq waves recorded during 

atmospheric explosions. 

The mechanism by which the Lq waves are excited during underground 

explosions is as yet unclear. A number of hypotheses have been 

advanced on this question, including one which attributes the excita¬ 

tion of Lq waves to the nonuniform structure of the medium in the 

horizontal direction near the focus [358] and on the propagation path 

of the waves, because of faults, asymmetry of the source, and other 

factors. 

The intensity of the full horizontal components of the Ln waves, y 
both during atmospheric explosions and during underground explosions, 

is comparable with the intensity of the waves. Therefore, when the 

magnitudes M are determined according to the Lq waves with respect to 

the scale for M2 waves [122], values are obtained which practically 

coincide with the values of M determined according to the M2 waves. 

A comparison of the recordings of the Lq waves during explosions 

and during earthquakes (see Figure 57, d and Figure 72) reveals that 

there is a considerably shorter (ten times or more) duration of the 

wave train and a greater steepness of the leading and trailing fronts 

of the oscillation train during explosions, in comparison with those 

during earthquakes. This characteristic feature, together with others, 

can apparently be utilized in distinguishing the recordings of explo¬ 

sions from those of earthquakes. However, thus far no statistical 

assessments of the effectiveness of the above-mentioned parameters of 

the waves have been made. 

For purpose of identifying explosions, Lq waves are of less uni¬ 

versal significance than the dilatational and Rayleigh waves, on 

account of the fact that they are not excited in all explosions and 

apparently do not propagate in all directions. 
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§ 8. Type L^« L^, Lg and Rg Waves 

During many atmospheric, contact, underground, and also shallow- 

water underwater nuclear explosions carried out In regions with a 

continental structure of the Earth's crust and along continental 

propagation paths, relatively intense groups of oscillations have been 

observed which, on the basis of their kinematic and dynamic character¬ 

istics, are attributable to surface channel waves of the Lx, L^, Lg^, 

Lg2» Rgl, and Rg2 types (Figures 29 - 31, ^2, etc.). These waves 

propagate with the same velocities that are characteristic for the 

corresponding waves of earthquakes (see Table 43 and the hodographs 

in Figures 29 - 31, 42). 

There are various points of view concerning the nature of these 

waves. Some authors (Gutenberg,Bath) [45, 228] consider the Lgl 

waves to be channel wuves, and connect their propagation mechanism 

with the presence of a zone with a lowered velocity in the granite 

layer of the Earth's crust. Press [298] is inclined to consider only 

the Lg2 waves as channel waves, and he considers the Lg^ waves as 

waves repeatedly reflected from a discontinuity in the Earth's crust 

(like reflections in whispering galleries). Ye. F. Savarenskiy [113] 

and Oliver [287] regard these waves as higher harmonics of Love and 

Rayleigh waves. They connect the L and L. waves with the presence 

of wave guides in the astenosphere. A number of authors regard the 

R waves as higher harmonics of Rayleigh waves. 
o 

Type Lx, Lgl, Lg2» Fgl and Rg2 waves caused by explosions 

are characterized by the following kinematic and dynamic features. 

1. The propagation velocities of these waves (see Table 43, 

and also the hodographs in Figuren 29 - 31 and 42) do not change 

together with an increase in the epicentral distance throughout the 

entire area in which they are traced, from tens of km to 5,000 - 
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6,000 km. This, together with the other data given below, indicates 

that the waves under study here have a surface or channel character. 

2. The waves are traced only if there is a continental type 

crust in the region of the epicenter and along their propagation path. 

Along oceanic paths, these waves have not been recorded at consider¬ 

able epicentral distances, neither during contact (on the ground or 

on the water) nor during underwater or atmospheric nuclear explosions 

carried out by the United States in the region of the Marshall Islands, 

over Johnston Island, or along the coast of the Pacific Ocean (the 

Wigwam explosion, etc.). 

3. The oscillation periods in the waves being investigated 

depend to a considerable degree on the type of explosion when they 

are recorded at the same A and at the same point. The waves with the 

shortest periods (0.2 - 2.0 seconds) were recorded in shallow-water 

underwater and underground nuclear explosions. Those with the longest 

periods (up to 6 - 10 seconds) (at A £ 3,000 - 5,000 km) were recorded 

during powerful atmospheric explosions (see Table 42 and Figure 75). 

T, 

For type L and L. waves, 
O ' 

an insignificant increase in the 

period is observed together with 

an increase of A. The periods 

increase according to approximately 

the same law as that which applies 

for these waves during earthquakes 

with foci in the Earth's crust 

and M ^ 5 - 6. However, the dis¬ 

persion of the waves is expressed 

only very slightly. The periods 

Lj 

Figure 7:>. Dependence of period 
in channel waves on epicentral 
distance. 

1 - 4 - experimental values; 
5 - standard deviations. 

of the Lx, L , and L waves 
Si g2 

differ only slightly. The smallest 

periods are those of the type L 

and L 0 waves. g2 
gl 

Somewhat larger 

periods are characteristic for 

the Rp waves. 
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In the range of 4 X 2,000 - 5,000 km, the periods of waves such 
as those being considered exceed the periods of the body waves by no 

more than 1.5 times, while the periods of the Love and Rayleigh waves 

In all cases exceed the periods of the body waves considerably, by 

2-3 times or more. 

4. Studies have been made of polarization in the Lx, L^, l 
_ j__i_4 rNl r* ci í rm ct 

g 
and R waves and their dispersion during atmospheric explosions In a 

region with a continental structure. It has been established that 

the L , L., L and R waves are polarized elliptlcally In a vertical 

plane! The motion of particles In the waves Is retrograde. The dis¬ 

persion in these waves Is normal, but Is expressed to a considerably 

lesser degree than In the case of LQ and LR waves. Analogous polari¬ 

zation and dispersion are also observed for the waves being Investi- 

gated during contact and underground explosions. 

5. The intensity of the Lx, Lgl, Lg2 and Rg waves depends 

on the tj/pe of explosion and its intensity. During underground 

explosions and shallow-water underwater explosions, the most intense 

waves are the L , and L 2 waves. During atmospheric explosions 

the most intense groups of waves are the Lx, and Rg waves. e 

decrease in the amplitudes of the types of waves being examined 

together with the increase in distance has not yet been studied fully 

6. The decrease in the oscillation amplitudes with increasing 

distance for L , waves during underground explosions has been most 

fully studied.E During explosions, the amplitude in the Lgl waves 

with a period of 1.5 - 2.5 seconds decreases in the range of A - 

= 150 - 2,700 km in inverse proportion to the epicentral distance 

♦ p o « in this case if we assume that the diver with an exponent of 2.Ö. In this case, -1 ^/2 

gence of the Lgl waves is proportional to A" ", then 

{AlT)Lgt = 
(28) 
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7. Inasmuch as the waves can be rigorously traced both in 

explosions (especially underground ones) and in earthquakes, an 

attempt was made to plot a calibrated scale mT for these waves corre- 

Lgl 
sponding to the unified m scale of Gutenberg. A calibrated scale for 

the amplitudes of the complete horizontal component was compiled from the 

data of underground explosions. Since the ratio of the horizontal 

component amplitudes to the vertical component amplitudes in the Lgl 

waves is 1.4 + 0.15, this same scale can be used for recordings of 

vertical instruments. The difference in the values Am » m„ - nu. in 
Z H 

this case will not exceed 0.15 magnitude units. 

8. Attempts were made to apply the scale for mT to determine 

Lgl 
the magnitudes of shallow-focus earthquakes witn epicenters from the 

same region in which explosions were carried out. These attempts 

showed that the correlation of the intensities of the dilatational 

waves and the Lg^ waves was different for explosions and earthquakes 

from the same region (Table 44). As is clear from Table 44, the 

difference of magnitudes determined from the Lgl waves and from the 

dilatational waves amounts to 0.5 magnitude units. 

Thus, according to preliminary data, during underground TNT 

explosions relatively more intense (by 3-4 times) channel surface 

waves of type Lgl are excited compared with shallow-focus earthquakes 

with comparable magnitudes. 

§ 9. Determining the Seismic Elements from and L~ Waves 
— 1 ■ —---- n - Q - 

Just as in earthquakes, it is possible to determine from the LD 
n 

and Lq waves the azimuth Az towards the epicenter, as well as to 

estimate approximately the epicentral distance A, the time at the 

focus, and the location of the explosion epicenter. These elements 

can be determined most effectively from the M2 waves of atmospheric 

and contact explosions, during which these waves are the most 

intensive. 
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TABLE 44. DIFFERENCES IN MAGNITUDES CALCULATED BY MEANS OF 

THE P , P* and L x WAVES DURING UNDERGROUND EXPLOSIONS AND 

EARTHQUAKES (NUMBERING OF EARTHQUAKES CORRESPONDS TO NUMBER¬ 

ING IN FIGURE 32) 

|No. in 
Type of source jpig, 32 m/»n 

tnj>* 
"¿I. 

in wi,r,v 

Underground 
explosion 

Earthquake 

1 
u 

i 
o 

3 
4 
5 
e 

4.4 
4,8 

4.7 
5,6 
4.5 
4.5 
4.5 

4.4 
4.8 

4,0 
4.2 
5.1 
4,0 
4.0 
3.8 

4.4 
4.8 

4.7 
4.8 
5.6 
4.5 
4.6 
4,2 

0 
0 

0.5 
0.5 
0.5 
0.5 
0.7 

0 
0 

0.7 
0.6 
0.5 
0,5 
0.6 
0.4 

Determining the azimuth towards the epicenter. The azimuth is 

determined according to the correlation of the maximum oscillation 

amplitudes in the M2, M1 and LQ waves in the recordings of horizontal 

instruments from the following relationship: 

tg Az - Ae_w/An_s . 

Here At and A^ ,, are the maximum amplitudes of the corresponding 

oscillations in the recording of the east-west and north-south compo¬ 

nents in the M2, M1 or LQ waves. The value of Az can also be deter¬ 

mined from the ratio of the ellipse axes of the medium particle 

trajectories of motion in the above-mentioned waves. 

From a comparison of the true values Aztrue with the values Azcalc 

calculated from the M2> M1 and LQ waves, we learn that the accuracy 

of determining Az does not exceed 3-5°. The value of Az can be 

determined more accurately by the M2 waves than by the M1 waves. In 

explosions, the azimuthal variations of A^, which are observed for 

earthquakes, do not appear [270]. 
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Determining A. When only the waves are recorded, 

approximate estimates of à can be made from the periods of the maximum 

oscillations in the M2 waves from (27), from the difference in the 

travel times of the M2 and LQ waves, from the dispersion curves, and 

by other methods applied in seismology. 

If the azimuths are determined from the surface waves in a number 

of stations, then it is possible to determine the location of the 

explosion epicenter by corresponding graphic or analytical methods, 

and then to calculate the A to each station and the mean time at the 

focus. However, the accuracy with which the location of the- epicenter 

can be determined in such cases is small (on the order of 100 km), 

and the accuracy with which one can determine the time at the focus 

is approximately 10 - 15 seconds. 

§ 10. Atmospheric Waves Recorded by Seismographs 

A feature of the seismic recordings of powerful atmospheric 

and contact explosions is the presence in the seismograms of vertical 

and horizontal long-period seismographs of intense long-period oscil¬ 

lations which appear at the moment subsonic air waves arrive at a 

given point [95, 101, 2Ü2, 3^8] (see Figure 57). The periods of the 

initial oscillations in the recordings of the seismographs amount to 

from several hundredths to several tens of seconds, depending on the 

intensity of the explosion and on the epicentrál distance. The shape 

of the atmospheric waves recorded by the seismographs coincides with 

the shape of the corresponding recordings of microbarographs (see 

Figure 57, a and 76, a), especially in the initial part of the 

recording. Short-period oscillations with periods of less than 40 - 

30 seconds, which complicate the recordings of atmospheric waves in 

microbarograms [102], are usually not recorded by seismographs. 

The mechanism by which atmospheric waves affect seismographs is 

not yet completely clear. However, there is no doubt that the 

atmospheric waves affect the seismographs at the moment of arrival at 
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the observation point. Recordings of seismic waves in the seismogram, 

at the same time as a normally dispersed oscillation train (with a 

characteristic shape caused by the action of atmospheric waves on the 

seismographs), unequivocally indicate that atmospheric or contact 

nuclear explosions have occurred. 

CONCLUSION 

1. In all types of nuclear explosions the same types of surface 

seismic waves are recorded — Love waves, Rayleigh waves, Lx waves, 

L^ waves, Lg waves, and Rg waves — which are usually observed in 

shallow-focus earthquakes. For explosions in the water, on the water, 

or over the surface of the water, waves propagating in the water with 

a velocity of 1.47 km/sec (phase T) are observed by coastal stations. 

2. New types of seismic surface waves have not been observed 

in nuclear explosions. For atmospheric and contact explosions, a 

characteristic feature is the presence of subsonic wave recordings in 

the seismograms. 

3. All the above-mentioned waves cannot always be recorded at 

the same time in all types of explosions. The most intense 

Rayleigh waves usually are encountered most frequently. 

These waves are recorded in practically all types of explosions. 

Therefore, the Rayleigh waves, like the body warves, are the most 

important in detecting and identifying all types of nuclear explosions 

4. In all types of explosions, three groups of oscillations 

can be distinguished in the recordings of the Rayleigh waves: 1) the 

longest-period oscillations, propagating in the Earth's crust and the 

upper mantle — waves; 2) a shorter-period train of intense oscil¬ 

lations, propagating in the Earth's crust — M2 waves; 3) a train of 

oscillations connected with a sedimentary or sedimentary-metamorphic 

layer of rocks in the region of the station — L0 waves. 
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5. The ratio of the amplitudes in Rayleigh waves LR to the 

amplitudes of the dilatational P and transverse S waves depends on 

the type of explosions. The greatest ratios LR/S and LR/P» sometimes 

exceeding the corresponding ratios in earthquakes, are observed during 

atmospheric explosions, and the smallest ratios — during underground 

explosions . 

6. During underground explosions and collapse of the rocks 

from the vaults of the chambers formed as a result of the explosion, 

the shape of the train of the Rayleigh wave recording is the same 

(except for the arrival direction). This may indicate that the record¬ 

ing of Rayleigh waves is determined, not by the type of source, but 

basically by the properties of the medium along the propagation path 

of the waves. 

7. Unlike Rayleigh waves. Love waves do not occur in all types 

of explosions. In particular, they are not recorded during underwater 

and contact explosions, and they are not always observed in atmospheric 

explosions. In a number of cases, these waves cannot be recorded for 

all azimuths, and their intensity in underground explosions varies 

greatly when there is a slight shift in the epicenter. This instability 

of the characteristics of Love waves can be connected with the secon¬ 

dary nature of their excitation in a number of cases — that is, they 

do n t originate immediately in the vicinity of the source, but in the 

irregularities in the structure of the medium along the propagation 

path of the waves. 

The channel waves Lg are recorded along continental propagation 

paths in all types of explosions. 

8. It nas been established that the kinematic characteristics 

of surface waves during explosions are the same as those for corre¬ 

sponding earthquake waves. Also the characteristics of some of the 

dynamic characteristics of the waves are similar, such as the motion 

trajectory of particles in the medium, the dependence of the amplitude 

and the period of oscillations on the epicentral distance, etc. This 
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I 
permits us to use the methods and scales developed in seismology — 

for use with earthquakes — when determining seismic elements and 

the magnitudes of seismic phenomena, that is, explosions. 
I 19. Together with this, some of the dynamic characteristics of 

surface waves — the duration of the train, the shape of the envelope 

the ratio of the intensities of the Rayleigh waves and the body waves 

and others —are different, both in different types of explosions, 

and in explosions and earthquakes. The differences which have been 

observed are used for identifying explosions, either independently 

or in combination with other recording characteristics. 
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CHAPTER VII 

ENERGY OF SEISMIC WAVES DURING VARIOUS TYPES 

OF EXPLOSIONS 

he p tl0n °f the enere» fr01" explosion used In the formation 
of seismic waves, and also the energy ratios between dllatatlonal 

ransverse, and surface waves during explosions and earthquakes 

IsmTT/T °ther ParameterS °f the waves. characterize the méchan- 
sm In the foci of seismic phenomena. A knowledge of their values 

ena les us to solve a number of fundamental problems, such as working 

ut methods for estimating the TNT equivalents of explosions, provld! 

the foundation of criteria for distinguishing seismic recordings 

from explosions of different types from those of earthquakes _ 1„ 

and^others! ^ ^ “derground explosions. 

A study of this problem for explosions may help In organizing 

research on the character of the energy release In the foci of 
earthquakes. 

A calculation of the portion E of 

Si0n Etot Wh3ch goes int0 the formation 

various types of explosions is given bel 

the total energy of an explo- 

of seismic waves during 

ow. 
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—Methods of Calculating the Energy of Seismic Wavps 

The Eg of explosions was calculated as the sura of the energy of 

the forward dilatationai waves E^, of the transverse waves ES, and of 

the surface Rayleigh waves E^: 8 
s 

(30) 

Eg and E 

than 20° 

formula 

g were calculated in the range o: epicentral distances higher 
, and Eg in the range from 4 to 50°. The 75ppritz-Wiechert 

was used to calculate Eg,S [68, 69]: 

(31) 

Here, X is the displacement velocity in the incident body wave 

e0 is the departure angle of seismic radiation; L is the length of 

the ray path; and k is the energy absorption coefficient. 

The value of 

sin A sin e« 
!*•/'! AI 

on the upper boundary of the mantle is given in [68]. R is the Earth's 

radius, which is 6,370 km. The remaining notations are the same as 

in [68]. When calculating E, the integral in (31) was replaced by the 

sum. 

The values of kp = 2ap were calculated by formulas taken from 

[105] for waves propagating in the upper mantle up to A < 4,000 km: 

<*,»=* 2,810-«..},**-*, (32) 

and for the lower mantle (A > 4,000 km): 

«*=»1.8.10-«^**-». (33) 
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In calculating EL, a formula proposed by S. Ya. Kogan was 
s 

applied [69]: 
* 

Ee - ZnRpvlat e"* Asin A $ ,0) it, ^ ) 

where UY is the amplitude of the complete horizontal component of 

soil displacement; Uz is the amplitude of the vertical component; 

a^ is a constant equal to ^.704, for the Poisson coefficient, which 

is equal to 1/4; vL is the velocity of the Rayleigh surface waves 

3.16 km/sec (in the range 1,000 < A < 5,000 km); kT is the energy 
—4 —1 1-1 

absorption coefficient, assumed to be 6*10 km ; t is the recording 

train duration in the seismogram. If and designate the ampli¬ 

tudes of the vertical and horizontal components of soil displacements, 

then, as is shown in [73, 81 - 83], Formula (34) can be reduced to 

the following: 
V» 

Ec - 0,85:iV?p alff1‘tAs¡n (35) 
«=i 

In the calculations, all the values were given in a CGS system, and 

the initial values of E0 were obtained in ergs. When calculating the 
o 

portion of the energy used for the formation of the seismic waves 

E /Et it was assumed that the energy of a nuclear explosion with 
S tot T Q i 

a TNT equivalent of 1 kt is equal to 4.25 • 10 erg. Table 45 gives 

information about the data used in making calculations of accord¬ 

ing to the Zöppritz-Wiechert and the S. Ya. 'Kogan formulas. The TNT 

equivalent was known for the explosions indicated here. 

Calculations of E from the body waves oi atmospheric explosions 
s 

were made only for four of the most powerful explosions (Table 45); 

in the other explosions, the S waves were not recorded with a suffi¬ 

cient intensity at large distances from the epicenter (above 50°). 

During underground explosions in Nevada, the Es was calculated from 

the surface waves only in the most powerful explosions. During under¬ 

ground explosions in Nevada, the transverse waves were recorded at 

stations of the USSR only in some cases and only at a small number 'f 
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TABLE ÍI5. DATA USED TO CALCULATE Eg FROM THE 

FORMULAS OF ZOPPRITZ-WIECHERT AND S. YA. KOGAN 

Type of 
exp]osion 

Region of Number of explosions used to 
epicenter determine Es from the waves 

Atmospheric Continental 

Contact Marshall 
Islands, 
continental 

4 

7 

3 8 
8 

3 

8 

Underground Nevada, 
continental 

Underwater Pacific Ocean 

12 

5 

3 

3 

3 

5 

stations. During underwater explosions in the Pacific Ocean, the 

transverse and surface waves were not observed in the USSR with a 

sufficient intensity. 
» 

§ 2. Energy Ratios of Body and Surface Waves During 

Various Types of Explosions and During Earthquakes 

Table 46 gives the results of calculating the portion of energy 

from an explosion used for the formation of seismic waves during 

various types of explosions, Es/Etot, and also the ratios of Eg 

calculated from the Z5ppritz-Wiechert and S. Ya. Kogan formulas 

[see Formulas (31) and (35)]. 

The results of calculations by the Zöppritz-Wiechert Formula (31) 

showed that, in the case of atmospheric explosions carried out over 
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TABLE H6. PORTION OP EXPLOSION ENERGY USED FOR 

FORMATION OF SEISMIC WAVES DURING VARIOUS TYPES 

OF NUCLEAR EXPLOSIONS 

Ratio Es/Etot of seismic energy Es 

calculated by the Zöppritz-Wiechert 
and S. Ya. Kogan formulas, to total 
energy of explosion Et 

Type of 
explosion 

Atmospheric 

Contact, on 
earth and on 
water 

Underground . 
in tuff and in 
granite 

Underwater (in 
Pacific Ocean) 

Height or depth 
of explosion, 

km 

In layer of 
atmosphere near 
the ground 

0 

0.3 - 0.7 

0.15 

by Zöppritz- 
Wiechert formula 
for body waves 

1.3 • 10"7 

1.3 • 10“5 

1.10 • 10"3 

by S. Ya. Kogan 
formula for 
Rayleigh wa/es 

H • 10”8 

1.5 * 10"7 

0.60 4 

oceanic islands and continents, the seismic energy of the body waves 
_7 

is 10 of the total explosion energy. In the case of contact explo- 

sions, it is about 10 ; in the case of underground explosions, it is 

(1 - 3)*10- . In the ease of underwater explosions, it is (1 - 4)* 

The portion of the energy of the surface waves out of the total 
• O 

explosion energy is approximately 10“ in the case of atmospheric 
—7 

explosions, 10”' in the case of contact explosions, and 10 in the 

case of underground explosions. During shallow-focus earthquakes, 
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the energy of the surface waves is usually about 1* of the energy of 
the body waves. 

It must be noted that the values of £ are too low, since the 

energy of the surface waves was calculated not only from recordings of 

SKD instruments, but also from those of SK Instruments with a pass- " 

thad ?n°m oc1 t0 8 ■ 12 seconds- The long-wave (with periods higher 
than 20 - 25 seconds) portion of the oscillation train In the surface 

waves was barely recorded by these seismographs. 

The energy ratios between the body and surface waves obtained 

In this way for different types of explosions agree with the data on 

the recording ranges (see Table 4), and also with the data given In 

[5 , 209, 295]. However, for atmospneric and contact explosions 

there Is a certain divergence from the results of [209]. The latter 

may be caused by tie fact that. In [209], seismographs with longer 

periods than those used In this be ok were employed. 

The calculations showed that the experimental ratios, established 

for earthquakes for calculating the energy of seismic waves according 

to the m and M magnitudes, are Inapplicable for calculations-In the 

case of explosions. As was already mentioned In the preceding chap¬ 

ters, this Is due to the fact that there are differences between 

explosions and earthquakes In the Intensity ratio of body and surface 

waves. It Is also due to the distinctive features of the focus during 
explosions. 0 

X 

Analogous results were obtained by Gutenberg in calculations of 

seismic wave energy for underwater explosions [216]. The same thing 

was observed for underground explosions in [175] and others. 

Thus, the ratio of surface wave energy to the body wave energy 

amounts to approximately 0.1 for atmospheric explosions, 0.01 for con- 

tact explosions, 0.001 for underground explosions, and 0.01 for 

shallow-focus earthquakes. 
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The differences in the energy ratios between surface and body 

waves during underground explosions and earthquakes, or the differ¬ 

ences in the corresponding values of A/T, are used in identifying the 

seismic recordings of underground explosions according to the magni¬ 

tude criterion M = M(m) [97, 326]. 

The following correlation, connecting M with m, was established 

experimentally from observational data at seismic stations of the 

USSR. It is valid for shallow-focus earthquakes in a range of magni¬ 

tude values from M = 3 to 6.5. 

.1/ - (0,69 ±0,10)m + (1,16i0,06). (36) 

The corresponding relation for underground nuclear explosions 

is : 

.1/ = (0,89 ± 0,21 )m - (0,55 ± 0,12). ( 37 ) 

Analogous relations for earthquakes and explosions have been deter¬ 

mined from observational data in the United States, England, and 

Canada [97, 326]. 

It is obvious from the relations mentioned above that, in the 

range of M under study, its value for underground explosions is less 

by one or two units of magnitude M than for Earthquakes of the same 

magnitude m determined by the dllatatlonal waves. This makes It 

possible to identify unequivocal.ly the recordings of underground 

explosions recorded at distances of A >_ 3,009 km. 
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BASIC CONCLUSIONS AND DIRECTIONS OP FURTHER RESEARCH 

1. The wave field was studied during various types of explosions 

and earthquakes. Hodographs and curves showing the dependence of the 

A/T ratio on the epicentral distance were plotted for the most stable 

recorded waves. Primarily, dilatational waves prevail during under¬ 

ground, underwater, and contact nuclear explosions, which are traced 

at epicentral distances up to 17,000 - 18,000 km. For atmospheric 

explosions, surface F.ayliegh waves prevail. 

No new types of waves were discovered, except atmospheric waves, 

recorded by seismographs during atmospheric and contact explosions. 

2. The differences in the dynamic characteristics of the same 

types of waves caused by different types of explosions and by earth¬ 

quakes, as well as differences in the dynamic ratios of waves of 

different classes, were established. The criteria for identifying 

explosions are based on these differences. The basic criteria are 

the differences in the intensity ratios between different classes of 

dilatational and surface waves, in the shape of the envelope of the 

oscillation trains of individual body and surface waves and of the 

entire recording, as well as differences in the spectral composition 
0 

of the oscillations in the body waves. 

3. On the basis of a study of the spectra of the useful waves 

and microseisms, methods of increasing the effective sensitivity of 

the seismic receiving equipment were examined. The optimum passbands 

of the equipment were indicated. The minimum signal levels which can 

be registered by single seismographs at stations with a low micro- 

seismic level were estimated. 

Further research on seismic wave fields occurring during 

explosions and earthquakes should be pursued primarily in the following 

directions : 
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1. Study of the structure of the wave field, especially the 

intensity ratios between waves of different types and classes, includ¬ 

ing those in the low-frequency spectral region. On this basis, new 

criteria for distinguishing between explosions and earthquakes can be 

developed. 

2. Increasing the effective sensitivity of short-period and 

long-period equipment, by: 1) improving their installation conditions; 

2) adopting more refined systems for grouping a relatively small 

number of seismographs in an array of several tens of stations; 

3) grouping short-period seismographs in arrays installed in holes 

at different depths, and subsequent electronic grouping with computers, 

in which digital filtration, variable time delays, and other procedures 

have been incorporated. 

3. Automation of the analysis processes, both at the point of 

observation, and at the central point. To do this, it is necessary, 

in particular, to change over to reproducible magnetic recording. 

4. Development of new, more refined methods of determining the 

mechanism and focal depth cf che seismic phenomena. 

In some of the areas enumerated above, research is already 

being carried out, and in others the necessary equipment is now being 
9 

developed. 
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SK 
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B 
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left 
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st 

qu 
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sp 
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kt 
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tot 
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gr 
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n 

s 
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Meaning 

not defined 

not defined 

not defined 

not defined 
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nuclear 

left 

right 

useful signal 

interference 
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stations 

quiet 

medium 

noise 

spectrum 
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reflection 
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» total 
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group 
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