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ABSTRACT

Thelseismogram from an underground nuclear explosion
:representsAthe‘end resﬁlt of a system composed of complex
;physical processes. The characteristics of tﬁe ground
'motion recorded on the seismogram are directly felated
'to .the characteristicé of the elastic waves which propa-

gate from the source of the explosion through the earth's

crust to the seismograph.

Travel time informatioﬁ, particle motion diagrams

'(hodographs) and the radial-vertical couuponent product wave-

. form obtained from an analog computer operatioh all provide
useful information which can be used to identify elastic

wave types on a seismogram. Travel time data provide infor-
mation on the pfppagation velocity of the direct and refracted
P waves, the parameters of the sequence of layers comprising
thé earth's crust, and an estimate of the first order on

the expected arrival time of S waves having corresponding

‘travel paths. Particle motion diagrams provide a graphic
illustration of the actual particle motion recorded and

fpérmit a comparison with the particle motion expected for

‘a specific elastic wave type. The radial-vertical component
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product waveform provides a quick and pra¢tical means for
identifying P, SV, and Rayleigh waves on most seismograms.

In all cases, the certainty of the identification is

impfqved through use of the prbduct waveform, for it is based
‘on the most diagnosﬁic;Charactéristic of an elastic wéve,

its particle motion.

Exampies of tyﬁiCal seismograms ;ecorded from the
Boxcar and Faultless events illustrate the complex. signa-
ture which the heterogeﬁeous nature of the earth's crust
imposes on the seismic waveform. The r;dial-vertical com -~
ponent product waveform deviates substantially in wost
cases from the i1deal waveform expected from theory. Al;o,
the frequency content shifts noticéab;y from higher to lower

frequencies with increase in time on the seismogram. ,

Several studies'related fo the identification of
elastic Wavgs on seismograms of undefgroﬁnd nuclear
explosions are planned for the future. The objective of
these studies is to develop the capability to predict.the
characteristics of the ground motion  expected at a station

'in terms of specific elastic wave types.

-vii-



- CHAPTER 1

INTRODUCT ION

The ground motion measured at a seismograph station
is the result of a number of complex physical. processes.
These processes begin at the source of an earthquaké ox
with tﬁe detonafion of a nuclear explosive and culminate
at %he seismograph'station with the recording of the ground

motion waveform.

The objective of this report is to felate the obserQed
ground motion on a nuclear explosive generated seismogram
to specific elastic Waves, i.e., body (P aﬁd S), and surface
(Rayleigh and Love) waves. In a fiﬁer sense, the objective
is to.correlate the characteristics of observed ground motion
with a body-wavé having a specific travel path within the
earth's crust; as for examéle? a direct wave path, a reflected

wave path, and a critically refracted wave path.

Attainment‘of these objectives is dependent upon the
.aﬁility to identify specific elastic waves and to correlate
this information with available geological and geophysical
information about the crust of the earth. Fértunately, the -
seismogram itself contains information which is useful both

in the identification process and in the definition of the



parameters of the earth's crust. Part of this information

can be deduced from the first arrival times. The first arri-

val times from any one event recorded by a group of seismo-
.graph stations distributed over an adequate distance range

can be interpreted to'provide the following information:

1. The nature of the first arrival; i.e., whether
it is a direct P wave or a P wave critically refracted

from ‘the Mohorovicic (M) discontinuity.
2. The propagation velocity of the P waves.
3. The thickness of the crustal layers.

4. The critical distance; i.e., the distance from
the shot where the critically refracted and the direct P
waves arrive simultaneously and then change their oxrder of

arrival.

5. An estimate of the first order on the expected

arrival times of the S waves.

Identification of specific elastic waves is facilitated
by combined use of travel time data and particle motion dia-

grams. An analog computer technique which exploits the

v



component particle motion characteristics, known to exist
in theory and in practice, for the various wave types is
useful for increasing the rapidity and objectivity of

the identification process.

The following chapters describe various topics related
to the problem of identification of elastic waves on seismo-
grams f;om undeiground nuclear explos_ions° Chapter 2 reviews
some of the importaﬁt fécts of theoretical, experimental,
and observational studies of elastic waves. lChapter 3 descriﬁes
the analog computer process which was used to facilitate
identification as well as the use ofrtravel time‘data in
the identification process. Chépter 4 presents examples of
elastic wave identification on seisﬁograms of recent nucléar

events. A summary of the results and future directions of

study are given in Chapter 5.



- CHAPTER 2

GENERAL BACKGROUND AND THEORY

2.1 . THE TRANSMISSION SYSTEM OF THE EARTH

The ground motion recorded at a seismograph station
from an undérground nucléar explosion is the net result
of a number of complex ph?sical processes. ‘These physical
processes take place méinly in the\crust and upper mantle
of the earth when the source—receivér-distance is small,
i.e., less than 1000 km. Although difficult to generalize,
these processes may be clgésified as occurring in three main
areas: 1) the n&ﬁ—lihear region in the immediateAvicinity of
the: source, 2) the sé;smic or elastic wave transmission re-
gion, and 3) the receiver and ﬁear surface area. Physical
processes which occur in these three areas are illustrated
schematically in Figure.Zkl and may be described in a general
way as individual paraméters of a lumped parameter fransmission<

system. The parameters may be listed as follows:

1. The source - the nuclear éxplosion produces a sig- -
nal ﬁhich is close to tﬁe ideal Dirac delta function; that
is, a shérp impulsive disturbance With_enormoﬁs amplitude.

A delta function has.a white amplitﬁde spectrum; i.e., all

frequencies are present with the same amplitude.“

(W8]
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Each parameter on a propagating pulse.
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2. The inelastic region about the source - Immediately

~surrounding the explosion and extending radially outward

for a distance, the rock behavior is -extremely hén—linear

ahd complex. Approximately 50% of the available energy
immediately feeds a shock wave which propagates radially
dutward from the wall of the shot cavity. The detéiled
charactetistics of the intense shock wave are a function of
the explosivé yield as well as the cavity geometry and the
properties of the rock medium in which wave propaéation takes
placg. These characteristics are complex and are the subject
of continuing research by many scientists such as Bishop
(1963), Holzer (1965); Cassity (1966), Ghérry (1966), and
Reily (1967). As the shock wavé propagates to sufficiently
great radial distances, the dissipative characteristics of
the rock réduce'the loading intensity to the point where

the elastic propertigs of the medium begin to play a signi-

ficant role.

3, Normal earth filtering - As the wave propagates

into the seismic or elastic region, less than 5% of the
original enexrgy is generally available to propagate as
elastic waves. As the signal propagates over a distance

of -a few km, the basic seismic pulse changes shape; i.e., it



‘brogdens in time, and decays in amplitude as a consequence
of:the earth's transmissibn characteristics. Although the
exﬁlosion generates a very wide band of frequencies, differ-
ential frequency attenuation and absorption by the earth
reduces the transmitted disturbance-to a rather limited
frequency band. As a result, the signal is transfofmed
intona dispersed, oscillating wavelet. Ae the disturbance
propagates through the earth, it encounters many majorA
and minorvgeological boﬁndariesf At each boundary with an
aceustic impedance contrast, the energy is in part reflected
and in part refracted; herice, a great variety of different'
transmission paths are generated. Other physical éhenomena
such as wave mode conversion, ghosting, (ghost eeergy travels
upward from the source and then is reflected from the sur-
face), reverberation within and between iayers, scattering,
and diffraction may occur along each transmission path and
compound the complexity of the total process. Processes

such as ghosting and reverberation introduce a high degree

of complexity iﬁ the amplitude spectrum. Scattering causes
attenuation which increases rapidly with decrease in wave
length of the pulse. This action along with-frequency
dependent absorption causes the earth to acf as a low-+pass

filter to seismic signals.



4. Geophone-earth coupling - The coupling between the

1

gebphone and the ground is a resonant system. The effect
of tﬁe resonant system is the same as a filter; each re-
corded component of motion is disforted'and time shifted

as a direct fupgtion of the degree of coupling achieved

iﬁ the emplacement of the seismograph. AUsually this effegt
is negligible if the seismograph is cé¥efully emplaced on é

concrete pad.

5. Instrument response - The movement of the free

surface of the earth is measured with a seismograph having

a restrictéd bandwidth. This means that the output of a
seismometer is a‘distorted version of the actual movement

of the free surface. Noise on the seismogram which is
unrelated to the nuclear source and the earth's subsurface res-
ponse also tends to complicate the instrument response. Noise
consists of disturbances which arec random in both -amplitude
and phase as weil as distu?bances having identifiable
cphefent properties., The random noise is made uplof wind
‘noise and noise reléted to cultural activities. Coherent
noise 1is introduced by the recording and data processing-

systems.

6. The seismogram - The signal received at a seismo-

meter is not a single wavelet, such as would be produced
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if ihere were only one travel path, but it represents the

1
¥

superposition of wavélets from all the different.transmission
paths poséible within the :crust of the earth. In addition,
néise related to wave groups arriving. from random direqtidns,
such as near-surface waves impinging upon randomly-located
near-surface inhomogeneities, is preseht. The seismogram
therefore, may be thought of as representing the totality-

of response to impulsés, each impulse being associated with
a disturbance that has traveled a certain path in the crust
and upper mantle by refiections and refractions. That is;
the impulse produced by the nuclear explosion gives‘rise

to a traveling wavelet for each transmission path, where

the shape of the wavelet is determined by the nature of the
absorptioﬁ spectrum of the earth for the particular path.
The recorded seismogram represents the superposition of all

‘these wavelets.

2.2 WAVES IN HOMOGENEOUS, ISOTROPIC, AND ELASTIé MEDIA

It ié well known from elastic wave theory -that many
complicated physical processes take place between the time
the probagating energy from an underground nuclear explo-
sion first enters the elastic (seismic) region and the time

it is recorded at the seismograph station. Investigators



such as Ewing, Jardetsky, and Press (1957), Bullen (1959),
Grant and West (1965), aﬁd many others have‘reporteé
theoretical, experimental, and observatiéhal fiﬁdings which
provide insight into the physical processes taking place,
éome of the basic béékground established by these scientists
#ecessary for understanding of elastic waves will be reviewed
below. |

Three basic assumptions about the earth are made in
classical elastic wave theory. These assumptions are that
fhe earth material is isotropic, homogeneous, and perfebtly.
elastic. The assumption of isotropy considers each element
bf volume of'the earth to have the éame elastic constants
and properties in all directions throughout the volume,
-Homogeneity implies that each element of volume is exactly
. like every other element bf volume. An elastic solid is one
in which the components of strain are homoegeneous linear

functions of the stress components; i.e., the strain at any

' point is determined by the stress at that point.

'2.2.1 Body Waves
If the medium is infinite, homogeneous, isotropic, and -

perfectly elastic, the equation of motion may be written



/
(Grant and West, 1965, p. 29) in vector form for a rectangu-

lar coordinate system as

- -

Pl = (A + 2u) VB + w2 U - (L)

Where © is the cubic dilatation (change in volume per unit
volume), U is the displacement of a point P(x,y,z), p is

the density of the element of vdlume,'g is the acéeleration
of ‘a point P(x,y,z) at Any instant of time, A and u are
Lame's constants (elastic moduli),‘ﬁ is the vector differen-

tial operator

(g% T + g% 3 +‘§% K)

and V2 is the Laplacian operator

.
5.2 " 52 T 52

If we take the divergence of both sides of equation (1)
and rearrange the ordecrs of differentiation, we Oblain

>
0 98 - (n + 203 S (2)
atz .

Equation (2) is the standard wave equation for the propaga-

tion of cubic dilatation with a velocity,

wmgit @
V= |
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The $olution demonstrates that compressional (P) waves can
be propagated through any homogeneous, isotropic, and elas-

tic solid.

If we take. the curl of both sides of equation (1),

we obtain

2 = > - -
02 (Tx w) = uv? (¥x W) (4)
dt2 :

which once again is the standard wave equation, this time
for the propagation of a pure rotational disturbance with

velocity given by

(5)

(o]
1
oIt}

This result constitutes proof .of the possibility of propagating

transverse or rotational (5) waves through a homogeneous,

isotropic, and elastic solid.

These two types of body waves. are usually referred to

~as P and S waves respectively. A large body of observational

evidence on both wave types has been gathered by many seismolo-
gists. Some of the important characteristics of the waves

are as follows:

1. P Waves - These waves have particle motion which

is towards and away from the direction of propagation




(compressional). They travel with a propagation velocity
which depends upon the nature of the transmission medium.
A typical range of P wave velocities is 2.0 km/sec to 7.0 km/sec

(Dobrin, 1960), for most materials in the crust of the earth.

2. S Waves - These waves can becqme plane polarized;
hence, their particle motion varies. The waves are called
'SV if the particle motion is perpendicular to:the direction
of'propagation‘and confined to the yertical plane and SH
if the particle motion is perpendicular to the direction of
propagation and confined to the horizontal plane. Both
types of S waves have been observed on seismograms. The
S waves have a propagation velocity which tends té.be approxi-
mately 0.6 that of P waves for most materials in the earth's

crust, (Dobrin, 1960).

2.2.2 Surface Waves

The equation of motion is completely satisfied by the
solution for the P and S waves iﬁ an infinite, hoﬁogenebus,
-isotropic, and elastic medium. However, it is possible to
wrife another type of solution for tLhe équation of motidn
for the case in which the homogeneoﬁs, isotropic, elastic solid

is bounded by a free surface. This solution corresponds to



sﬁrface waves; i.e., waves whose displacements are largely
cbﬁfined to the neighborhood.of the boundary_of a- solid.
The solution was proposed first by Rayleigg in 1885 for
'thé‘waves which now bear his name. His work suggested

that a boundéd elastic solid could propégate a wave motion
which is vertically polarized along the direction of propa-
gation and which attenugtes-with the depth of penetration.
The propégation velocity is a function of Poisson's

ratio and ig appfoximately 0.92 the shear wave velocity of
the transmifting solid (Dobrin, 1960). The velocity is non-
dispersive; i.e., it does not depend ﬁpon the frequency of
the disturbance. The motion of a particle at the free
surface describes an elliptical path which is vertically

polarized with retrograde movement (counterclockwise move-

ment when plotted in the vertical-radial plane).

Observations have confirmed the existence of waves
having the characteristics described by Rayleigh. Typical
obserQed velocities range between 1.1-4.0 km/sec for most .

crustal materials (Dobrin, 1960).

Love(1911) showed that a second surface wave could
exist in uniform solid surface layer over a half space.

These waves are transverse horizontal (SH) waves which have



particle motion at right anéles to thé direction of propaga}
fion and in a horizontal plane. They are SH waveguide ﬁodes
which are generated by multiple reflectiﬁns of SH waves in
tﬁe layer. Their propagation_velocity va;ies, épproaching
the shear wave ve}ocity of the layer for short wavelengths
and the shear wave velocity of the half space for long wave-
lengths. The typical range of observed velocities is 1.5—4.5
km/sec (Dobrin, 1960) for most materials of the earth's

crust.

Love waves are more commonly observed on records of
earthquakes than on records of underground nuclear explosions.
éonsidering only conditions of symmetry, SH waveés would'ngt
be expected to be generated by a ﬁoint source (an explosion)
in either a homogeneous or a horizontally stratified elastic
medium (G;ant,.1965). However, long period SH waves (Love)haye
been nhserved from some nuclear explosions, (tor example, the
Hardtack series, Oliver, 1960). The exact mechanism which
sometimes gencrates SH waves from a nuclear explosion is
not known at the present time. Postulated mechanisms include
asymmectry of the source, wave mode conversion, and the

v

formation of cracks around the explosion point.



2.3 THE EFFECT OF REAL EARTH MATERIALS ON ELASTIC WAVE TYPES

The assumptions of isotropy, homogeneity, and perfectly
elastic behavior for the transmitting meaia do not generally
exist in nature. Any or all.of these assumptions may be
yiolated when we deal with real seismic waves pfopagating
through the rocks of the crust and upper mantle. Thé theoreti-
cal analysis of wave prppagation becomes much more involved
when the ideal assumptions are relaxed, and many aspects still
'rémain to be solved. A summary of some of the known theoreti-

"cal solutions reported by Ewing (19567), Bullen (1959), Grant

(1965), and others is as follows:

1. Imperfectly elastic media - In media which exhibit
internal viscoéity or other loss mechanisms which depend upon
the rate of déformation, elastic waves~shou1d be attenuated
in their travel and also dispersive; i.e., have a.vélocity
which is a function of fregquency. Experimental and observational
evidence, however; indicétés that the loss mechanism may be

of the.solid friction type, a type which largely eliminates

disperéion. Also, the attenuation and the changes in velocity
aﬁpeaf to be gnimportant at normal seismic wavelengths.

~ Therefore, present evidenqe suggests that imperfect elastic
béhaQior does not introduce any important modifidations

_in the theory. P aﬁd S waves are separately identifiable.



2. Anisotropic media - In‘anisotrOpic media, the‘velé;
city with which plane elastic waves travel depends upon their
direction of propagation in thé transmitting medium. There are
always three'body waves, one of which is predominately compres-
sional. In a tiansversely—isotrOpic medium; i.e., one whiéh
possesses two-dimensional s&mmetry in its élastic pfoperties
such as earth materials which have béen formed by successive
étages pf compaction and consolidation, pure P and SV waves
can be propagated only at normal or grazing incidence‘to the
bedding plane. The waves have different values of velbcity
in these two directions. In all other directions of propaga-
tion, coupling between compressional and rotational motion
exists. SH motioﬁs have an independent existence from the
P-SV motions and will not necessarily travel with the same
velocity as the SV type wave traveling in the same direction.
In most earth materials, the anisotropy, if present, is not
strongly pronounced. The P-SV coupling therefore is generally
weak and the equations of motion separate'effeétive;y into
recognizable but modified P and SV waves and a pure SH wave.
* The equation of motion for surface waves is more complex for
propagation in transversely-isotropic media than in ideal
media, however, the motion is generally very simi}ar to the

Rayleigh waves in an ideal medium.



3. Inhomogeneous media - Removal of the idealized assump-

tion of homogeneity leads to the greatest mathematical diffi-
culties, but the existence of velocity gradients in the

earth is so commonplace that the theory can not be brought to
a practical stage withth consideration of the effects of
heterogeneity on propagating seismic waves. Most occurrences
of velocity gradients in Othefwise uniform rock formations
are related to the fact that materials teﬁd to harden when
subjectéd_to compressive loads over long periods of time.
This causes seismic wave yelocities to. increase with depth.
Horizontal velocity gradients, éxcept in unusual cases, are
denerally very much smaller. .In heterogeneous elastic media,
P and S wave motions are, in geneial, coupled. If the eléstic
properties change in the vertical direction in&; i.e.,
verticallylinhomogeneous, the SH motion separates from the
coupled P-SV motion. Pure P or SV waves exist in verficaily—
inhomogeneous media only when they are normally incident to
the bedding planes. The distinction between PAand SV motions
-becomes less obvious at oblidue incidence, however, and
."pseudo P'" and '"pseudo SV'" waves exist. If the velocities

do not change greatly within a seismic waveleﬁgth, the P

and SV waves will be only very weakly-coupled and will

cffectively separate from each other and will travel with



velocities which closely approximate the local values of «

and R (equations 3 and 5) at each point in the wavefront.
Thus, the trajectories will not differ siénificantly from

. what would be expected for pureIP and SV waves. The equations
of motion for the surface waves in isotropic, vertically-
‘inhomogeneous media are very complex and difrficult to solve
except for a few specidl cases. Thevresﬁlts of analyses for
those cases in which rigorous solutions have been found indi-
cates that waves of the Rayleigh type exist. These waves have
a rocking sort of retrograde elliptical motion at the free
surface and aré highly dispersive; i.e., their velocity 1is

a function of frequency.

4. Random Inhomogeneity - Another type of heterogeneity
éommonly found in the eérth's c¥ust is the uncorrelated or
random type in which the elastic properties change continuouély
but unsystematically from point to point. Rouck strata classi
fied as single geological formafions may be many hundreds of
feet thick, yet their textures usually vary significantly in
the scale of tens of feet. The analysis in this case is again
very complex. Ihe»primary.conclusion to date is that inhomo-
geneity which is of a random rather than of a gradual kind leads

to scattering which is stronger at shorter wavelengths than



’af the longer wavelengths. ihe scatteriﬁg does not; in the
 firét approximation, lead fo P-S coupling. ‘It does, however,
band limit the frequencies that can be transﬁitted through

any distance in the earth and provides an explanation of why
real earth materials almost invariably act as a low-pass .
filter to seismic signals. If the medium aléo happens to be
slightly.dispersive, then the pulse velocity also changes
progressively as the shorfer waveleﬁgths are eliminated.

In most cases, the result is a gradual increase in propagation

velocity as the pulse moves outward from the source area.

Despite significant advances made to date in understanding
the physics of wave propégation, scientists ére still far from
being able to simulate mathematically the complex physical pro-
cesses which take place during Qave p;opagation_in real earth
materials. Eveﬁ if the ability to do this were available,
detaiied infunma}iun about the physical properties and spatial
distribution of the subsurface rocks over a wide area ié not
available. As one example of mén‘s cffort to compete with
existing limitations, qonsider the report ”Compufer Techniques
for Tracing Seismic Rays in Two-Dimensional Geological Modeis”
by Yacoub, et. al. (1968). This report has obvious merit, yet

‘'several limitations of the technique exist simply because man



has not.yet been able to.simulate the complete physical
-process. Some of the limitations are 1) perfect elasticity
ié assumed, 2) the rock units modeled are all assumed to
stiike perbendiCulafiy to the plane.of the source-receiver
cross section, 3) the sensitivity of.the ray tracing tech-
nique to the values inferred for the physical properties of .
subsurface layers, the source.of greatest uncertainty, is
unknown, and 4) the inability to simulate the physical effect
of aﬁ infinite number of rays representing all possible ray

paths 1s an unknown limiting factor.

2-18



CHAPTER 3

IDENTIFICATION OF ELASTIC WAVES ON SEISMOGRAMS

iwo characteristics of the ground motion observed on.
a seismogram provide useful parameters for identifying
_gpecific elastic waves. These charactefistics.are the
particle motion relationships which exist between the
three components of ;écorded ground motion and the arrival

time data. The sections which follow describe each of

these parameters and their use.

3;1 COMPONENT PARTICLE MOTION RELATIONSHIPS

Most seismographs record three orthogonal cgmponet;
of motion; two horizontal components (radial and transverse) -
and a vertical Compohent. In hany cases, the radial component
is aligned.with the source of the nuclear explosion before
detonation so that it‘will reéord particle motion away from
and toward the ééurce in the hérizontal plane. The transverse
component 1is orientéd so that it will record particle motion
in the horizontal plane at‘;ight angles to that recorded by
the radial component. The vertical component measures
particle motion in the vertical plane. The importance of
measuring three components of motion, as described, is that
lthis procédu?e automatically separates certain types of

elastic waves without additional transformation.

~

=



Considexr the response of the radial (R) and vertical
- (Z) components of a seismograph and the radial-vertical

component product to P, SV, and Rayleigh waves.

. P_Waves: 'A frequency component of the elastic wave
motion transmitted through‘the earth as a P wave may be
written as parametric equations of time (t) and circular

frequency () as follows:

R* = R, cos(wt)

(1).

1]

yA Z cos(wt)
o ©

where R and Z, are amplitudes of the components of motion
in the radial (R') and vertical (Z') directions. The output
-of the radial and vertical componenfs of the seismograph,
.considered to be positive for ground motion awéy from the

.source and up respectively, can be written as

R

N

GR cos(Wt-d)
o
| (2)
Z =BGz cos(wt--€)
where G and ¢ are the amplitude and phase response of the |
radial component and ﬁland € are the fractional gain and
phase lag (if any) between the vertical and radial component

seismometers. The product of the response of the radial and

-vertical components is



R . RZ =‘QGZROZO cos(wt-¢) cos(wt-¢-€) (3)!

Using the trigonometric identity
cosA ¢ cosB = é[cos(A—B) + cos(A+B)l ,

.eqUation (3) can be written as

2
_~BGZRyZq

5 [cose + cos(2wt—2¢—e)} (4).

RZ

Inspection of Equation (4) reveals the following facts
about the radial-vertical component product waveform for

the P wave:

1. The product waveform is an oscillation with twice
the frequency of the incident wave. It has (neglecting thél
constants in front of the bracket) an amplitude of 1 and
is offset from zero in the positive direqtion by a factor
equal tocos ¢, fhe cosine of the phase lag between the

vertical and radial components.

2. The fractional gain factor affects only the

amplitude of the product.

3. If no phase error exists (e€=0), the product waveform

is positive with an amplitude which varies from zero to +2.-



Ifithe phase errof is *30°, definitely an upper limit in praé-
tiée, the magnitude of the term in brackets varies from

;0.13 to +1.87. This means that only about 6% negative over-
éhax would be expected at worst on the radial-vertical com-

ponent product waveform.

SV Waves: A frequency component of the elastic
motion transmiited through the earth as a SV wave has the
following parametric equations;

" R' = Ry cos (wt)

()
ZI

-Z, cos (wt)

The vertical-radial component product response can
be written, using the same instrument response constants

defined above, as

2
_ BGR,Zg
2

RZ ,[ﬁCOSt - cos(zmt-2¢—e)} (6)

Examination of Equation (6) yields the following

conclusions about the product waveform for. the SV wave:

1. The product waveform is an oscillation which has
twice the frequency of the incident wave. It has an ampli-

“tude (neglecting the constants in front of the bracket)



of 1 and is offset from zero in the negative direction by

a factor equal to cos €. ' o !

2, If e=0, the product waveform is negative. If the
phase error is ¥300, the amplitude of the term in brackets
varies from +0.13 to -1.87, a positive overshoot of about

6%.

Thus,the P and SV waves have opposite sign on the

radial-vertical component product waveform.

Rayleigh Wave: A frequency component of the elastic
motion propagated through the earth as a Rayleigh wave has
‘the parametric equations,

R.l

R, cos{wt)

1l

(7)
Zl

O .

Z, sin(wt)

The instrument response becomes

R

GR, cos(wt-9¢)
(&)

Z = BGZ sin(wt-¢-¢)

The product'of the response of the radial and vertical

'components can be written as

RZ = (G2R z_ cos(wt-0) - sin(ot ¢-c)  (9) .



Equation {9) can be rewritten as

2
_ BG"RoZo {

RZ -sine + sin(2wt-2¢-e)J (10),

2

using the trigonometric identity

sin A° cos B= %[sin(A—B) + sin(A+B)}.

Inspection of equation (0) yields the following.
facts about the characteristics of the Rayleigh wave on

the radial-vertical component product:

1. The gain ratio is a constant which affects only

the amplitude of the product.

2., Considering the bracketed term only, the product
waveform is a sine wave (when.e = O) which has twice the

ﬁrequency of the impinging wave and which oscillates
| .

symmetrically aboul zero with a peak to trough amplitude of 2.
Fo;»a phase errof of ¢ = +30°9, sine = 0.5 and the output
.varies from -1.5 fo +0.5; that is, the Qufput is 75% below

ghe zero base line. For a relativé pﬁase error, € = —300,
éhe output is 75% abové‘the zero base line. The effect would
be reversed for a wave with prograde elliptical particle

motion. An error of only 6o would produce about 10% asymmetry

in the seismogram of a pure Rayleigh wave.



In summary, differences in instrument magnificafion do
not affect the identification of P, SV and Rayleigh waves
on the radial—vertiCai component product, but differences
in the phase.response do affect the ease of identifiéation.
fhe P and SV waves are distinctively positivé'and negative
%espectively on the radial-vertical component product wave-
form, if the phase error is zero. Fairly large phése'e;rors.
(e =A300) introduce a rélatively small negative or positive
overshoot for the P and SV waves and do not seriously com-
plicate the Waveformf However, a small phase error (e = 60)
produces a signifngnt distortion in the form of the sine
- wave which reéults for pure Rayleigh waves, when € = O, on

the radial-vertical component product waveform.

Sutton and Pomeroy (1963) and Sutton, Mitronovas, and
Pomeroy (1967) have demonstrated the applicability of the

component product waveform fechnique for identifying elastic

wave phases on seismograms of earthquakes and underground:

nuclear explosions. The best and most clearly defined results

were obtained by the above authors for earthquake seismograms
recorded At very large distances from the source. However,

good results were also obtained from seismograms recorded

at fairly short distances (263-1095 km) from the Hardhat event.



Figure 3-1 illustrates the analog computer ~circuit
used to form the radial-vertical (RZ) component product
Wavefoym. The diagram for the radial—transverse (RT)

énd the transverse-vertical (TZ) component products would
i : :

be analogous to Figure 3-1. ‘Examples of seismodiams from

recent underground nuclear explosions processed with this

analog computer techniquc are shown in Chapter 4,
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3.2 TRAVEL TIME DATA

The first-arrival time on é seismic record is the least
ambiguous and the most ﬁseful traQel’time information on
the record. The first-arrival is a P wave. The first-
arrival times, when considered as a function of the distance
oflthe recording station from the source yields information
aboﬁt ﬁhe propaéation velocity within'the earth's crust and -
uppex mantle, the depth to the crust-mantle interface (the |
Mohorovicic discontinuity), and specific P wave travel

paths.

Figure 3-2 shows the first-arrival time as a function
of station distance for the Faultless event. The travel
times, despite some scatter, can be approximated closely
by a two—segmenf, straight line, travel-time curve. The
first of lhese segments has a best-fit equation, determined

by least squares analysis,of

T(8) = (SAB’% + 0.39) ¥ 0.56 (11).

Ta) is the travel time (sec), A is the station distance
(km), 5.83 is:the inverse slope'of the line segment which
corresponds to the velocity (km/sec), and O.56(sec) is the
standard error of estimaté (a measure of scatter in the

data). Equation (il) represents the arcival time of a P wave,

3-10
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degigﬁated Py in conventionél earthquaké terminology,
which-is sometimes called the ''direct' wave. This wave
travels exclusively in the ﬁpper layers of the crust.
Iﬁ.reality the wave does not travel in a straight line,
as shown schematically iﬂ Figure 3-2, but is refracted
at a velocity interface in the upper crystalline layers

of the crust. The second of the two line segments has the

best-fit equation
~ A + - |
Tz(A) = (Tg-s- + 7.0) - 6.0 (12)

where %éA) aﬁd A are as defined above, 7.85 is the velocity
(km/sec) and 6.0 is the standard error of estimate. Equation\
(12) represents the arrival time as a functién of station
distance for a P’wave, designated'Pn in conventi§nal earth-
quake terminoloéy, that has been criﬁiéally refracfed along
the crust-mantle intcrface; i.e., the Mohorovicic (M) dis-
continuity. .The refracted arrival from the M discontihuity

does not exiét at stations inside the distance defined by

(13)

whete h is the depth of the shdt, H is the depth to the M

discontinuity, V1 is the propagation velocity of Pg, and



' Vziis the propagation velocity of P . For fhe Faultleés
event, the P wave refracted from the M discontinuity arrives
first ét stations located more than 150 km from the source.
The direct and refracted ? waves arrive simultaneously at

150 km, the critical distance. The direct arrival is the-
first arrival at stations iOCated 1esé than 150 km from the
source. The critical.distange(Ac) is given for any general

crust-mantle model by the formula,

vV, + V
2 1
c %/V,_V JRers

where the variables arc defined as above._

First-arrival times from nuclear explosions recorded
over a fairly widebdisﬁance range can be used to derive
a ﬁodel of fhe earth's crust (see Dobrin, 19605 p. 69-103
for detaile). The bhasic as#umptiéns made to generate the
parameters of a crustal model are as follows:
1. The subsufface’consists of a structured stack of
layers having planar interfaces.

Each layer transmits seismic waves with a constant
velocity.

[\8)

3. At the interface between two layers, the seismic
rays obey Snell's law.

4, Each layer has a gréatex velocitly than the one
-above it. :



5. The travel time is invariant to én interchange
~of sbot point and recording stationj; i.e., zero
dip on subsurface layer interfaces is assumed.
Figure 3-3 compares the cha?écteristic properties
dfMédellzderived frqm Faultless travél time data with
four Other.NTS models derived by othe; investigators.
Some of the models were derived from data obtained using
detailed refraction surveys and provide more accurate iﬁfor-
mation on the velocity, structural dip, and thickness of the
shallow cfustal layers than the models derived from travel
time data exclusively from a nuclear explosion. The modeils
all differ in 1) the number and character of shallow crustal
layers, 2) the exact magnitude of thepropagatiqn\mﬂocities,
and 3) the depth and structural attitude of the M discontinuity.
In general, however, the parameters for all the models agree
within the statistical limits of accuracy imposed by the, source
and the scatter in the gravel time data.

The magnitude of the propagation velocity for Pg determined
from Faultless travel time data is 5.83 km/sec. - This value is
slightly lower than the values observed by the other invésti—‘
gators and the value typically observed in the general area.
Figure 3;4 shows the travel tiﬁe’data observed from 15 NTS

&

events. The times are graded as to the certainty of the
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determination on the record. The least squares determina-
tion of the arrival time as a function of distance for the

total sample is

A

T(8) = 6.01

+ 0.92 * 0.75 A (15),

indicating a propagation velocity of 6.01 Rm/sec for Pg.
If the best-determination graded samples are used, the

least "squares equation is

T(8) = ??%E? + 0.51 * 0.65 (16),

indicating a velocity of 5.93 km/sec for Py, a difference

of only 2%.

A‘determinatién of the propagation velocity of P, 1is
not available for most events instrqmented by AEC. Faultless
is the first event to be well instrumented over distances
sufficientlj large to allow determination of the propagation -
velocity of the arrival critically refracted from the M dis-

continuity.

Scatter is always present in the travel-time data.
The scatter of the observed‘times about the best—fit lzne
segments implies some pncertainty in the values:of ;esults
sucﬁ as propagation velocity, critical distance, and depth

which are derived  from the travel time data. In the analysis



. of travel time data, the classical least squares model is

- adopted; that is, one Variablé is assumed to be error free.
In the case of travel-time analysis, distance is assumed fo
be error free; that is, any error bregent‘is considered to

be in the observed times.

The scatter in the observed times is physically related
to féur main causes: 1) occasional malfﬁnction of the time
code and high noise/signal ratio, 2) variable delay caused
by surface alluvium layers, 3) departure of the earth
materials along thé propagation path from idealized condi-

- tions of homogeneity and isotropy, and 4) changes in the
structural attitude of refraction interfaces. The magnitude
of the scatter attributable to each of these causes 1is very
difficult to.asgértain accurately; therefore meaningful
correction procedures are generally unavailable. An estimate
of the effect of certain simple conditions.can be made,
however. Table 3-1 shows the calculated delaying effect
which.alluvigm layers of diffe;ent thickness have on the
.arrival time of a refraction from the M discontinuity recorded
at different station distances. Assumed propégation velocities
are 1) 2.30 km/sec - alluvium layef, 2) 5.83 km/sec - Pg,

and 3) 7;85 km/sec —‘Pn. ALl layers aré assumed to be hori-

zontal. The depth of the M.discontinuity is assumed to be 29.1

km.



Thickness of

Arrival Time (sec) for Different Station Distances

“Alluvium Layer

(km) A = 100 km A= 200 km A = 300 km A = 400 km
o - ' 19.26 32.00 44.74 57.48
0.5 © 19.38 32.12 44.86 57.60
1.0 | 19.51 32.25 44.99 57.73
1.5 . 19.63 32.37 45.11 57.85
2.0 ' 19.76 32.50 45.24 57.98
3,0 20.00 32.74 45.48 58, 42

Table 3-1

Calculated Effect of an Alluvium Layer of Different Thickness
on the Arrival Time of a Refraction from the M Discontinuity

Table 3-2 shows the calculated effect of different. assumed

structural dips of the M discontinuity on the arrival times

of the refracted wave recorded at stations located different

distances in both the up and down-dip direction from the

source. The propagation velocities are assumed to be 1) 5.83

_km/sec - Pg and 2) 7.85 km/sec - P,.

The vertical depth

to the M discontinuity is assumed to be 29.1 km beneath the

shot location.



. Assumed Dip of Arrival Time (sec) for Different Station Distances
M Discontinuity

A = 100 km A = 200 km A = 300 km
(degrees)
0 19. 26 _ 32.00 44 .74
1 td: 19.55 32.42 45,29
tu: 19.14 31.62 44,08
2 td: 19.74 32.81 45.87
 tu: 18.74 31,20 43.46
3 . td: 19,03 © 33.19 46.45
' tu: 18.73 30.78 42,83
4 td: 20.12 33.57 © 47.01
' : td: 18.51 30.35 42.19
5 , td: 20.30 33.93 47,56
tu: 18.29 29,92 4]1.55

Table 3-2
Calculated Effect of Different Structural Dips of the M

Discontinuity on the Arrival Time of the Refractcd P Wave
- Recorded at Down Dip (td) and Up Dip (tu) Stations.

The crustal model, despite the simplifying assumptions
.méde to derive it, serves a very useful purpose. - It provides.
estimates of the first order of the important physical para-
meters of the complex crust of the earth, a crust which departs

from the idealized assumptions in Ways.sﬁch as the following:

1. Deviatinﬁé of laver interfaces from horizontal élanes.
2.  Surface irregularities and inhomoqeneity.

3. Ho:iZon%al and vertical velocity.gradients.

4. . Veloéity reversals

5. Many layers and acoustic impedance contrast interfaces.



The parameters of the derived crustal model; since they are
derived from the actual.data, can be used as éonstants to
construct theorétical.travel time curves as a functioh of
sfation distance. 'These curves provide reasonable guide
lines which can be used to idenfify,on seisﬁograms, elastid

waves having a specific travel path in the earth.

TheoretiCal travel time curveS~és a function of the
station distance can be calculated for P and S waves which
have traveled a direct péth (Pg andASd), a critiéally refracted
path (P, and S.), and a reflected path (Prr and Srr)' The

. formulae which apply for a two layer earth model are as

follows:
2 4 h2 '

T(A) = é——~-2—---- Direct Wave (17),
T(8) =¥A +_(2H-h) Reflected Wave (18),

v 2

1
| Vi?  Refracted W (19)
- 1 efracte v .

T() =+ B2 2 ==
2 1 V,

In eabh formula} A is the surface distance (km) of the récording
Station from the source, H is the depth (km) to the M
diséontinuity, h is the depth of burial (km) of the nuclear
device,vvl is the propagation velecity (km/sec) in the crust,

and V2 is the propagation velocity (km/sec)in.the mantle.



The P wave propagation velocities are determined from
.analysis of the first arrival tiﬁes.‘ Propagation velocities
. of the corresponding S waves are estimated on the basis éf
theoretical aﬁd observational evidence that S waves propagate

with a velocity of 0.6 that of P waves for most earth materials.

Examples of elastic wave identification in terms of
specific travel paths are in the Faultless report (Berry,
Hays, Davis, and Lahoud, 1968). Additional examples are

- shown in Chapter 4.



CHAPTER 4

EXAMPLES OF ELASTIC WAVE IDENTIFICATION

4.1 RADIAL-VERTICAL COMPONENT PRODUCT WAVEFORM

Figures 4-1 through 4—16.illustrate typical particle
velocity seismograms from two nuclear events, Boxcar
and Faultless, recorded at distances ranging from 45.6-
549.5 km. Body waves are identified on each of the seis-
mograms in terms of a specific travel péth in the earth
as described in Chapter 3, 1In each figure, Pd and Sd cor -
respond to the direct P and S wave respectively, P_ and
S, to the corresponding wave critically refracted aléng
the M discontinuity, and P., and S__ to the P and S wave
reflected from the M discontinuity. The surface wave
is identified in general - terms onlyj although, it generally

exhibits the particle motion characteristics of a Rayleigh

wave, as will be discussed in section 4.2 below.

The radial-vertical component product waveform, RZ,
is displayed as the bottom trace on each of the éeismograms
in Figures 4-1'thrqugh 4-16. As discussed in Chapter 3,
RZ should display defiﬁite characteristics fof elastic waves

propagating in ideal media and recorded with instruments which



.hévé little or no phase lég difference between the radial
and.Vertiéal component. _If the motion that is away on the
. radial component and the motion that is up on the vertical
component are considered to repreqeﬁt the positive directions,

RZ should display the following characteristics:

1. RZ is positive for.P wave particle motion.
2. RZ is negative for SV wave particle motion.

3. RZ oscillates from positive .to negative for the
retrograde elliptical Rayleigh wave particle motion.

The sign convention of RZ is reversed for some of the seismo-
grams éf Figures 4-1 through 4-16. This does not affect
the‘usefuiness of the component product, however, for the

f and SV waves stiil hdve’qpposité signs and the Rayleigh
wave still is characterized as an oscillating sine wave.
‘Recérds on whicﬁ the polarity of RZ is reversed are labeled
accordingly on.each of the figures to insu;e‘proper inteipre—

tation.

Conclusions which can be drawn from'Figures 4-1 through

4-16 may be summarized as follows:

1. The RZ product is useful for making quick identifi-

cations 6f the P, SV, and Rayleigh waves on most seilsmograms.



In all cases, the certainty of the identification is im-
proved through the use of the RZ waveform, for it is based
on the most diagnostic characteristic of an elastic wave,

its particle motion.

2. The RZ waveform is fairly complex and deviates
in mbst cases from the waveform expectea'under idealized
conditions. Tﬁe.deviation takes the form of fairly signi-
ficant positive and negative ovérshoots for the body wavés
and asymmetry éf the pure sine wave expected for a Ray-
leigh wave. In spite of the deviation, the RZ wgveform
contains useful supplemental information. As described
in Chapter 3, the frequency of the RZ waveform is doubled
rglative to that of the individual components for each
wave type. Doubling the frequency tends to make the
progressive frequency change, known to exist in the earth,
between P, SV, and Rayleigh waves mofe evident to the eye
oﬁ the RZ waveform. The readily apparent shift to lower
frequencies with incfeasing time.on,£he seismograms and
the relativelyAnarrow frequency pass band are evidence

of the effect which the randomly heterogeneous crust of

the earth has on a propagating wave.



3. In every case, the first motion exhibits pure
P-type particle motion on the RZ waveform., The first

S motion is not always clearly defined, however,

4. Surface waves having well defined, near-perfect
Rayleigh wave-type motion are well displayed on ﬁany
seismdgrams (Figures 4-1, 4-3, 4-5, 4-8, 4-12). Signi-
ficant motion exists on the trapsvers; component in every

case, however, a fact that should not be true for Rayleigh

waves 1in ideal earth media.

5. The RZ waveform is near-perfect for several
stations: Tonopah Church (Figure 4-6), SE-4 (Figﬁre
4-8), Gabbs (Figure 4-9), McGill (Figure 4-10), and

Frenchman Mountain (Figure 4-12),

6. Severai‘seismograms for stations located a
fairly great distance from the source of the explosion
exhibit clear separation between the various body wave
.axrivals on the RZ waveform. Examples are Tonopah‘Chu:ch
(Figure 4—6), Pioche (Figure 4-12)? Stateline (Figuré 4-

14), and Ogden (Figure 4-15). San Francisco, located the



greatest distance from the source, has a high noise
background which overrides the RZ waveform and prevenfs

‘clear definition.

Explanations for the generai complexity of tﬂe
"RZ waveform is undoubtedly related to'the heterogené—
ous natufé of the earth's crust, tﬁe primary propaga- -
' tion medium for seismic waves recorded at distances
less than 550 km. ,Scatte;ing, reverberatibn, and la-
teral refraction of short period seismic energy by tec-
tonic features of the crust are probably responsible
! : :
'for much of the complexity of the particle motion. Also,
wave mode conversion probably is an important compli-
pating factox. 'Ahalyéis of the Faultless data (Berry
1 . '
}Et,al., 1968) suggests that converted waves exist

and have fairly prominent amplitudes in many cases.

Converted waves will be the subject of a future study.
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4.2 PARTICLE MOTION DIAGRAMS
~ The parametric'equations bf the instrument response to
a. P wave propagating in an ideal medium are defined in

Chapter 3 (equation 2). This equation may be written as

§

3
in

R :Cos(a&‘t) | (1),

N
1l

Z, cos(wt)

where R, and ZO are amplitude féctoré and the phase lag error
'is assumed to be zero. Hence, a single frequency P wave has
a particle motion diagram in the Z vs. R plane which traces
out-a straiéht line as a function of time. The line passes
thrpugh the origin and lies in the first and third quadrants.
'Tke slope of the line varies according to the relafi?e'valges

~

of R and Z_.
o o

The parametric equation representafion of the ideal SV
wave, also defined in Chapter 3 (equation 5), is (for a zero

phase lag between the components)

R, cos(wt) | - (2).

)
I

Z = -Z, cos(wt)

The particle motion diagram as a function of time in the

Z -vs. R plane for the SV wave is also a straight line passing



) -:.\t

through the origin; however, it lies in the second and

“fourth quadrants. : £'  

The instrument response to an ideal Rayleigh wave ’ .
has parametric equations (equation 8 in Chapter 3) which can
be rewritten as follows (for zero phase lag between the

components):

1

~
1

R cos (wt)
o
_ (3).
Z = -ZO sin (wt)
Inspection of equation (3)reveals that the trace, as a function
of time, is an ellipse with counterclockwise movement (retro-
grade) in the Z vs. R plane. The length of the major and
minor axes of the ellipse vary in accordance with the values
of R, and Z_. In theory, the length of the vertical axis
of the particle motion ellipse for the perfect Rayleigh wave.

i's about l% times greater than the iength of the radial axis.

Figures 4-17through 4-19 illustrate particle motion

(o))

iagrams (hodographs) of the displacement in the Z vs. R

plane for portions of a seismogram corresponding to specific

elastic waves. Figure 4-17 illustrates the particle motion

of P and S .waves. In general, the P wave motion is essentially




iinear and largely ih the first and third quadrants.

Thé S wave motion is less linear and is primarily in the
sécond and fourth quadrants. Deviations from these qua-
drants is a cause of the positive and negati&e overshoots
observed on the RZ waveforms of Figureé 4-1 through 4-16.
Possible wave mode conversion is another cause. Surface
wave particle motion diagrams are shown in Figures 4-18
and 4-19. The particle motion in all cases is retro-
grade .and essentially'elliptical. The orientation and
eccentricity of the ellipses vary. The vertical axis

is usually the major axis; although many of the axes ex-

hibit rotation.

The combined‘use of'particle motion diagrams, travel
time data, and the R7 waveform provide a useful and prac-
‘tical means of identifying elastic waves on a seismogram.
These techniques utilize the basic information containéd

on the seismogram.
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CHAPTER 5

CONCLUSIONS AND DIRECTIONS OF FUTURE STUDY

Travel time information, particle motion diagrams
‘(hodographs) and the radial-vertical component product wave-

form obtained from an analog computer operation all provide

t
i

-

useful information which can be used to identify eléstic'
waves on a seismogram. .Travel timé data provide information
‘on the propagation velocity of the direct and refracted P
waves, fhe barameters of the Structured,séquence of layers
.comprising the earth's crust, and a first order estimate

of the expected arrival time of S waves .having corrés—
iponding travel paths. Particle motion aiagrams provide.a'
gréphic illustration of the actual particle motion recorded

and permit a comparison with the particle motion expected

{for an ideal elastic wave. . The radial-vertical component

product waveform provides a quick and practical means for

identifying P, SV, and Rayleigh waves on most seismograms.

1n all cases, the certainty of the identification is im-

¢

'proved through use of the product waveform, for it is

based on the most diagnostic characteristic of an elastic

wave, its particle motion.

1



f ' Examples of typical seismograms recorded from the
Béxcaf and Faultiess events illusfiate the complex effect
which the hete;ogeneous nature of £he earth's crust has
6n the recorded seismic waveform. The radial-veftical
component product waveform deviates substantially in e
most cases from the ideal waveform expected from theory.
Also, the frequency content shifts noticeably from higher

to lower frequencies with increase in time on the seismogram.

Several studies related to the identification of elastic
‘waves on seismograms of underground nuclear explosions are
planned for the future. The objective of these studies
! ’ .
ks to develop theAcapability to predict the characteristics
of the ground motion expected at a station in terms'of_a
iSpecific elastié wave type. Some of the subjects slated

for future detailed study which will contribute to this

objective are as follows: _ - .

1. The spectral character of elastic waves generated

‘by underground nuclear explosions.

§ 2. The attenuation rate of the amplitude associated
‘with specific elastic wave arrivals as a function of dis-

tance and yield.



3. The significance of the converted wave on a

seismogram.

4. The amplitude relationships of the reflected

'énd refracted WaQes in the regiog between the critical
point and the critical distance. In partibuiar, the
question of.possible reinforcement)of‘amplitude by the
superposition of two or ﬁore.waves arriving simultaneously

will be studied.
5. " Dispersion of surface waves.

Effort to add adaitional knowledge of %he parameters
of the earth's crust to existing modéls will be continued.
Also, emphasis will continue to be piaced on developing
rapid and practical diagnostic techniques for elastic wave

identification.
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As used in the above, “persons acting on behalf of the Commission” includes any employee
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or contractor of the Commission, or employee of such contractor prepares, disseminates, or provides
access to, any information pursuant to his employment or contract with the Commission, or his
employment with such contractor.






