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A technique was developed in the present study to determine
fault-plane solutions for small earthquakes. The method uses the
direction and amplitude of initial P-wave motions recorded at a
small number of seismic stations for epicentral distances less than
2000 km.

Seismic arrivals recorded on short-period seismograms were
identified as p, P or Pn waves for crustal shocks and P waves for
subcrustal shocks. Source amplitudes were converted from station
amplitudes using known theoretical methods, based on determining
angles of incidence at the surface of the earth and straight ray paths
in experimental crustal models,

Source amplitudes were calculated for three stations and were

then projected back to the earthquake source. The source amplitudes



were compared to amplitudes that correspond to more than 6000
theoretical amplitude patterns. The pattern which most nearly fitted
the first motions was taken as the fault-plane solution. P-wave
amplitudes, velocity structures, focal depth and wave attenuation
were varied to show the relative deviations of the dip and strike in a
fault-plane solution.

When the S-wave was identified, it was found that polarization
could be determined for epicentral distances less than 200.

Thirty-three earthquakes in the Pacific Northwest region were
analyzed, and twenty-two fault-plane solutions were determined by
the method described in this paper. Seven additional fault-plane
solutions were determined using the well-known Byerly method.

The fault-plane solutions generally showed large dip-slip com-
ponents. This was particularly evident in fault-plane solutions for
earthquakes occurring off the coast of Oregon and northern California,
and west of the Cascade Mountains. The solutions for earthquakes
east of the Cascade Range and off the coast of British Columbia have
either dip-slip or strike-slip components.

The solutions obtained by the present technique were compared
with solutions for generally larger earthquakes in western North .
America as previously determined by other investigators, using the
Byerly method. Satisfactory agreement was found between the two methods.

Two general tectonic hypotheses are proposed from the study

of earthquake stresses in the Pacific Northwest region.
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A METHOD FOR DETERMINING THE SOURCE MECHANISM
IN SMALL EARTHQUAKES WITH APPLICATION TO THE
PACIFIC NORTHWEST REGION

INTRODUCTION

The objective of the present study was to develop a new tech-
nique for obtaining fault-plane solutions for local earthquakes., The
method is based primarily on determining P-wave radiation patterns
from seismic recordings at three stations near the epicenter.
Thirty-three earthquakes were investigated by this method. These
earthquakes occurred in the Pacific Northwest regi.on (parts of the
United States, Canada and coastal waters). Results of the technique
described in this paper are presented as a contribution to the under-
standing of earthquake sources and tectonic processes in the area.
The method developed is based on modifications of existing techniques
for determining fault-plane solutions.

P-wave techniques developed by Byerly (1955) and subsequent
investigators are well known.‘ A world-wide distribution of seismic
stations used in the Byerly technique has been employed successfully
in determining fault-plan’e solutions for large earthquakes. However,
small earthquakes, recorded only locally, are difficult to analyze by
the Byerly method unless many seismic stations are located near the
epicenter.

Other investigators using one or more stations have determined



fault-plane solutions by mathematical equations expressed in terms
of P and S-wave amplitudes. The difficulty with this technique arises
from the uncertainty in identifying S waves at epicentral distances
between 5° and 12°,

The original objective of this research was to.make separate
investigations for using P waves to determine fault planes and S
waves to determine source mechanisms. Attempts were made to
identify S waves, calculate S polarization and evolve procedures for
determining source mechanisms from the S wave, From these orig-
inal investigations it was determined that the techniques of this
study should be based entirely on P-wave radiation patterns deter-
mined from short-period seismograms. The study does not require
the use of the S wave to obtain fault-plane solutions.

The following factors had to be evaluated in the development of
the technique:

(1) Effects of seismograph response characteristics on the

incident wave,

(2) Amplitude of the incident seismic wave at the surface of

the earth.

(3) Geometrical spreading of the waves; refraction and parti-

tioning of energy at major interfaces; and wave attenuation.

A mathematical method utilizing a theoretically derived func-

tion for P-wave radiation was used to calculate P-wave amplitudes



for over 6000 possible radiation patterns. These calculated P-wave
amplitudes were compared with experimentally determined P-wave

amplitudes at three seismic stations to select a fault-plane solution.



PREVIOUS WORK

An earthquake mechanism may be described by the geometrical
pattern of forces causing the source motion. Two earthquake mecha-
nisms, known as Types I and II, were considered in determining the
fault-plane solutions in this study (Figure 1). The forces of a Type
I mechanism are consistent with elastic rebound, while those of the
Type II mechanism correspond to orthogonal axes of compressive
and tensile stress. These mechanisms, which were developed
mathematically by Nakano (1923), frequently are used to character-
ize source motions. Radiation patterns of P waves in both Type I
and II sources are identical, but for S waves they are different. S-
wave radiation patterns must be known to distinguish between the
two types.

The P-wave patterns can be delineated geometrically by two
perpendicular planes. The two planes of zero P radiation separate
four lunes, Each lune has a symmetrical P-wave radiation pattern,
but the direction of P-wave motion changes alternately by lune. The
planes represent a fault plane and an auxiliary plane in a Type I
mechanism and nodes in a Type Il mechanism. The line of intersec-
tion of the two planes is the null vector or null line.

In the Type I mechanism a single couple of vector forces, with
moment, acts along one of the planes(the fault plane) and perpendicu-

lar to the other (auxiliary) plane. S-wave data are required to
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differentiate the two planes. The P-radiation pattern alone can pro-
vide the orientations of the two planes. In a Type II mechanism a
double couple of vector forces, with moment, acts along both planes.
Neither plane is a fault plane, but both are nodal planes separating
zones of compression and dilatation.

The Type I mechanism can be visualized as a small sphere
with the vector forces acting along a line through its center. The
intersection of the line of vector forces with the surface of the sphere
is the pole of the forces. The radiation of the S-wave, as produced
by the vector forces, forms lines of polarization on the spherical
surface.

Source mechanisms of earthquakes have been determined from
directions of initial P and S-wave motions’ using various methods
based upon geographical distribution of stations and focal depths,.

Investigators in many countries have developed different
approaches ';n determining the fault-plane solution of an earthquake.
The Byerly (1955) method, which uses P-wave arrivals, is described
in the following paragraphs. As many other methods involve similar
concepts, only the essential variati.ons of these methods from the
Byerly technique will be given.

In various investigations, the initial motions of P waves have
been plotted for determining the orientation of the fault or nodal

planes at the earthquake source; in these methods, it is considered



essential to use large numbers of stations.

Byerly (1926) perceived the P-wave first motions of the 1925
Montana earthquake formed patterns, but he did not arrive at any
conclusions on the force mechanism at the source, Two years later,
Byerly (1928) showed that a P wave, traveling from the earthquake
focus along a curved path, may arrive at a seismic station with a
first motion that is inconsistent with first motions recorded at other
stations. This phenomenon may be caused by the recorded seismic
wave having originated on a side of the fault plane opposite to that of
the station. Byerly (1928) removed the effects of curved rays by
assuming a homogenous earth, permitting the wave of the earthquake
to travel along straight paths. The station recording the wave for
the curved ray path was projected to a new position on the earth,
where the straight ray path would arrive. The relation between the
actual and the projected positions of the seismic station was called
the extended position. The extended position was determined from
travel-time curves (for different focal depths).

Byerly (1938) projected the extended positions on an equatorial
plane (extended distances) for a homogenous earth. In this projec-
tion the anticenter of the earthquake was used for the pole of the pro-
jection, The projection provides a simple device for plotting first
motions of P waves at each seismic stationand for drafting circles

that represent fault planes and auxiliary planes, or the nodal planes



of a source mechanism.

In a study of the July 6, 1934 earthquake off the coast of
northern California, Byerly (1938) unsuccessfully compared experi-
mental amplitudes of the P wave in the vicinity of the fault plane
with theoretical radiation patterns derived by Nakano (1923).

Soviet investigators (Byerly and Stauder, 1957) have reduced
the seismic radiation on a heterogenous earth to that on a focal
sphere (a unit sphere with the focus at its center) instead of using
Byerly's concept of a homogenous earth. In the Soviet method, the
angle of incidence must be determined for rays leaving the source.

American, Russian, Japanese and other investigators
(Scheidegger, 1957) have used a variety of sterographic projections
to determine fault-plane solutions. Scheidegger (1957) showed that
many of these stereographic projections are geometrically equiva-
lent.

Hodgson and Storey (1953) developed extended distance tables,
as used in the Byerly method, for P waves at epicentral distances
from 0° to 105°, They constructed these tables for different focal
depths, using the Jeffreys-Bullen travel-time tables and regarding
the earth as stripped to the focus (i.e., an earth in which all earth
layers above the source have been removed), These tables convert
epicentral distances to extended distances for a given station,

Hodgson and Storey observed that velocities from the tables were



low at short epicentral distances, They stated that extended dis-
tances may be of questionable accuracy due to this inconsistency in
velocities.

To correct for the low seismic velocities which had been en-
countered in crustal earthquake shocks, Sutton and Berg (1958) re-
vised the Hodgson-Storey (1953) tables, They observed that P waves
travel from source to receiver in a curved path., P-wave incidence
angles at the source decrease with increasing epicentral distance.
However, the Pn wave (head wave) leaves the source within the
crust at the same incidence angle for epicentral distances of about
1° to 10°, The extended distances are also the same in the 1° to
10° range. The loci of extended distances on the homogenous earth
form a circle whose center is on the line passing from the epicenter
to the anticenter. This circle on the earth forms a circle on the
projection, known as the critical circle.

As compensation for limited geographical station distribution
on the Byerly type of projection plane, the Dominion Observatory,
Ottawa, Canada (Hodgson and Adams, 1958) used several phases of
P waves--PcP, PKP, PP and pP. These P-wave motions are des-
ignated as follows. PcP is a wave that is reflected from the outer
surface of the core, PKP is a wave that has traveled through the
core of the earth. PP is a wave that is reflected once at the sur-

face of the earth but remains within the mantle and crust. pP is a
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wave from a deep focus that is reflected at the surface of the earth
near the epicenter. When the first motion and distribution of each
of these phases was used, the distribution of P-wave first motions
was enhanced, as these phases exhibit varied extended distances.
However, Hodgson and Adams (1958) have investigated the incon-
sistencies of first motions in fault-plane solutions and found that
the reflected phases (PP, PcP, pP) provided questionable data for
these solutions.

Douglas (1967) investigated the complexities of P-wave ampli-
tudes arriving at a seismic station in the first 30 to 40 seconds
from the first arriving P wave. The complexities involved relative
wave amplitudes of first and later arrivals. When the first arrivals
were large and gradually diminished, the undulations were called
simple. When the recorded amplitudes were irregular, they were
termed complex. Douglas (1967) compared these simple and com-
plex amplitudes near the nodes of experimental radiation patterns.

Polarization of the S wave from an earthquake has been used
to determine the force pattern in Type I and Il mechanisms.
Neumann (1930), Gutenberg (1952), Nuttli (1961), and others have
discussed the partitioning of S waves at the surface of the earth.
SV waves (polarized vertically) arrive at incidence angles greater
than the critical angle for P waves at epicentral distances between

0° and 30° (Gutenberg, 1952); therefore, S waves should be used to
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determine the polarization of the S wave at epicentral distances
between 30° and 80°, Gutenberg (1952) suggested the 80° upper
limit because of the interference of other S phases at the greater
epicentral distances. Stauder (1960c) and Monachov (1950) concluded
that S polarization is unaffected by inhomogenities of the earth, al-
though Galitzin (1914) found that polarization is affected by earth
boundaries.

Dehlinger (1952) determined S polarization directions for local
earthquakes in southern California (epicentral distances less than
130 km) and showed that direct S waves are polarized in a direction
related to the faulting at the earthquake source. The faults he used
generated predominantly SH waves (polarized horizontally).

Based on recordings at one seismic station, Ritsema (1962)
investigated S-wave polarization at epicentral distances of less
than 20°., He concluded that polarization of the S wave can be
determined for earthquakes under favorable conditions (low noise’
and elliptical polarization). Adams (1958) used polarization of S
waves to determine a Type I mechanism. His technique employed
two seismic stations located along different lines of polarization.
The intersection of these lines determined the orientation of the
pole of forces,

Stauder (1960b) distinguished between Type I and II focal

mechanisms using hodographs (particle vector diagrams) to
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determine the polarization of the S wave. He found that lines of
polarization can be plotted on a central projection, which is the pro-
jection of the seismic stations on a tangent plane at the anticenter of
the earthquake. Other investiga.tors have successfully used the
amplitude ratios of SH/SV from the train of the S wave to determine
the polarization of the S wave at a seismic station.

In many investigations both P and S waves have been used to
determine fault-plane solutions. Nakano (1923) developed theoretical
equations for particle accelerations of P and S waves for the various
mechanisms of earthquakes, Honda (1956) derived similar equations
for amplitudes of particle motions.

Honda (1957) stated that Japanese investigators have compared
effectively P and S wave amplitudes recorded at seismic stations
with theoretically determined amplitudes that are based on equations
derived by Nakano (1923), Honda (1957), and others.

Seismic studies in Japan have utilized P, S and surface waves
recorded at seismic stations that are restricted in azimuth to one
quadrant to determine fault-plane solutions. According to Keylis-
Borok (1957), in the Soviet Union, where there are few seismic
stations, amplitudes and directions of first motions from SV, SH and
P waves were utilized to give constraint in development of techniques.
Investigators in the U.S.S.R. (Stauder, 1960b) also developed the

mathematically constraining techniques that use amplitude ratios of
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P/SH, P/SV and SV/SH for determining fault-plane solutions.

Ritsema (1967) suggested that, when an investigation is limited
to a small closely grouped distribution of seismic stations, the ampli-
tudes of the P wave sometimes can be used to determine P-wave
gradients; i.e,, the rate of change of P amplitude with epicentral
distance. Then the ratio of P amplitude to P gradient at a seismic
station could be used in determining nodal planes.

The ratio of P and S-wave amplitudes were studied by Ritsema
(1962) from determined fault-plane solutions based on P and PKP
first motions, Values were obtained (called C_1 in the present paper)
that are associated with the geometrical relationship between nodal
planes and ratio of the P and S-wave amplitudes. The C_1 values
were found to vary at stations-which could indicate possible errors
in the P and/or S amplitudes and/or fault-plane solutions. As the
fault-plane solutions were constrained by the first motions of P and
PKP waves, errors evidently exist in determining the P and/or S-
wave amplitudes.,

Mikumo (1962) used P and S data from three local stations at
epicentral distances of less than a degree to study small earthquakes

\
(1< M < 3), Using mathematically constrained techniques (Byerly
and Stauder, 1957) and experimental crustal sections, Mikumo deter-
mined fault-plane solutions. Mikumo was able to determine the pole

of force using one station, and fault-plane solutions using two
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stations, assuming a Type I mechanism. Using more than two sta-
tions, he determined fault-plane solutions for Type 1I mechanisms.

Ben-Menahem (1967) determined that long-period P and S
waves, as well as surface waves, can be used to determine fault-
plane solutions by comparing experimental amplitude radiation pat-
terns with theoretical radiation patterns. This technique, using P
and S waves, has been applied to deep and intermediate shocks,

Recent investigators have developed computer programs to
determine fault-plane solutions analytically by using least-square
techniques with first motions of P waves or.with'S—wave polarizations,

Knopoff (1960) developed such a computer program, using a
probability procedure which was based on initial motions of P waves,
theoretical amplitude (a) and assumed constant noise (n). This pro-
cedure obtained the preferred fault-plane solution by maximizing the
probability of selecting the correct direction of motions in relation
to ratio of a/n. Kasahara (1963) extended Knopoff's approach by
analyzing the directions of first motions of an earthquake as record-
ed at several seismic stations., A statistical reliability factor for
the a/n relationship was also determined from a number of earth-
quakes.,

Stevens (1967) successfully developed generalized equations
that described all fault mechanisms (including Types I and II) found

in earthquake studies. S-wave polarizations at seismic stations



15
were applied to the generalized equations, using least squares and
other statistical techniques, to determine force mechanisms. Each
force mechanism, determined by the S wave, then was compared with
the fault plane determined by the P wave. When this technique was
applied to previously determined fault-plane solutions, Stevens con-

cluded that most of the solutions satisfied a Type Il mechanism.
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THEORY

The theory developed inithis study was directed toward identify-
ing the first motion of P and S waves and of source amplitudes so as
to determine focal mechanisms. The source amplitudes were sought
from the recorded amplitudes by correcting for the effects of the
response of the recording instruments, the amplitude of the incident
wave at the surface of the earth, partitioning of energy at major
boundaries, geometrical spreading and wave attenuation.

.In a homogenous, isotropic medium, two body waves are prop-

agated with velocities

<__/X-l—2p. _/_E_
a——'_p B = o (1)

where: a is the P wave velocity, P is the velocity of the S wave,

A and pu are Lamé’ constants and p is the density of the

medium.
The particle motion of the S wave is polarized elliptically in a direc-
tion normal to that of propagation. The S wave consists of two nor-
mal components;- the SH wave characterized by particle motions in a
horizontal plane, and the SV wave characterized by particle motions
in a vertical plane.

The particle motion of the P wave at the surface of the earth in

the direction of propagation is designated as . a compression and the
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motion in the opposite direction a dilatation,

The particle motion of the SV wave in the direction of propaga-
tion is designated as negative. The particle motion of the SH wave to
the right, as observed at a seismic station looking toward the epi-

center, is termed positive.

Classification of the P Waves

Classification of the first arrival of the P wave recorded at a
seismic station is dependent on the focal depth of the earthqu.ake. In
the present study, three types of P waves, characterized by their
ray path, will be used for foci above the Mohorovieié Discontinuity
(Moho). These waves, shown in Figure 2, are:

(1) the head wave (Pn) reaches the Moho at a critical angle,
travels beneath the Moho and to the surface of the earth
for epicentral distances from 0° to 15°,

(2) the P wave travels from focus to the Moho, beneath the
Moho and to the surface of the earth, and is refracted both
above and beneath the Moho at less than the critical angle.

(3) the p wave travels from the focus to the surface of the
earth; it is the first arrival at epicentral distances‘O0 to
1°.

For foci beneath the Moho, only the P wave will be considered.

This wave travels from focus to the station as a.first arrival for



18

4 Seismic stations
A A
/N

: 4
: \ [ 3 / /

i. p wave

2. reflected wave
3. P wave

4. P head wave

Center of Earth

Figure 2. A spherical earth section showing seismic waves

originating from crustal and subcrustal earthquakes.
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epicentral distances of 20° or less. It travels mostly beneath the

. . o
Moho for epicentral distances greater than 2 .

Determination of Incident Amplitude

The recorded P wave at the surface of the earth is a composite
of the incident and reflected P waves and the reflected S-wave
motions. Effects of the reflected wave motions must be removed to
obtain the amplitude of the incident P wave. To determine the inci-
dent amplitude of the P wave from the recorded amplitude, the P
wave angle of incidence must be obtained.

The apparent angle of incidence T10 of the recorded composite
P wave is the arc-tangent of the ratio of the surface radial compo-
nent to the surface wertical component of the recorded P wave. The
true angle of incidence io of the P wave is obtained from:the
equation (Bullen, 1963, p. 129) where Poisson's ratio (¢ ) equals

Figure 3 illustrates this relation between T10 and io.
Equations 3 and 4 (Bullen, 1963, p. 128-129) demonstrate the
relation between ground particle displacements (horizontal in direc-

tion of propagation U, vertical W) and the P wave incident amplitude
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A for any angle of incidence i . These relationships are shown in
o

Figure 4.
) 2
U 12 sin e sec e tan f
A ‘ 2 2 (3a)
4 tan e tanf + (1 + 3 tan e)
. 2 2
w 6 sin e sec e (1 + 3 tan e)
A T Z 2 (3b)
4tanetan f+ (1 + 3 tan e)
where: e = w/2-i
o
f = w/2 - jo, jo is the angle of incidence of the

reflected SV wave.
to find j from i one uses
o o

jo = arc sin (B/a sin io)

For an S wave incident at the su.rfacevof the earth, the SH
component is reflected only as an SH wave but the SV component is
reflected as both SV and P waves.

An incident SH wave always gives ground displacements that
are twice the incident amplitude regardless of the incidence angle.
Therefore, the angle of incidence jO of an'S wave cannot be deter-
mined from its SH component. The angle jO can be determined
from the ground displacements of incident SV components provided
the reflected SV and P waves are taken into account. The ground

displacements of the SV wave are complicated when the angle io of
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the reflected P wave is 90° or greater, For that condition jo is
multiple valued.

The ground displacements of the S wave (Nuttli, 1961) for real

value of i (i < 900) are:
o o

- _ 5
UH UH cos (wt) (4a)
g — . - f . . .
UR UV (cos o p cos iy + f2 sin 10) cos{wt) (4b)
gl — . ° f - i . . .
UZ Uv (sin jo tE sinj + f2 cos 10) cos(wt) (4c)
where:
2,. 2 .,
fl _ -(cos 2j, - C sin 2j; sin 210)
2. 2 ..
cos 2j,+ C sin ZJO‘ sin 210
2C sin 2jo cos 2]
f2 = 22. 2 sin2: sin 2i
cos 2j + C s1 Jo sin 2i
C = p/a, Pis the velocity of the S wave, a is the velocity

of the P wave,

UH and Uv are the amplitudes of the incident SH and SV waves

respectively.

U_, U_,and I_JH are the ground displacements in the vertical,

Z° "R
radial (the direction of the ray from the earthquake) and trans-

verse (direction perpendicular to radial and parallel to earth)

directions.
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w is the angular frequency in radians per second
t is the time in seconds

For imaginary values of i_ (io > 90°)

U 2U, cos (wt) (5a)
2 . 2 . L
U_ = 2Uvecos 2j [cos 2j cos j coswt+
o o o

2 2 2.
N(sin j0 - C ) sin 2j, sin wt]

(5b)
4_. . 2, 2. . 2.. . 2,
cos ZJO + 4 (sin Jg - C ) sin ZJO sin Jo
= . 2, 2. . -, 2. 2. . .
UZ = ZUV" '\stn Jo - C7) sin ZJO[Z'\f(sm,JO - C’) sin Jd/’
Y ¢ 22. . ¢] ’
sin 2j, cos wt - cos 2], sin wt] (5¢)

4_. .2, 2. .2, .2
cos ZJO + 4 (sin iy - C ) sin ZJO sin j

A computer program (Appendix III) was developed in the pres-
ent study to calculate the ratios UZ/UR, UZ/UH, and UH/UR for
all values of jo. In the case where io is imaginary the real value
of the displacements was used and the phase relation between fJZ

and UR was calculated. All calculations were based ono = 1/4

and are shown in Figure 5,
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Amplitude Conversion Factors for the Effect of
the Crust and Upper Mantle

Conversion factors for removing the effects of geometrical
spreading, partitioning of energy and wave attenuation may be made
to the incident amplitude, provided ray paths and properties of tra-
versed materials are known., All conversion factors calculated in the
present study were made on the basis of a perfectly elastic medium.
The amplitude conversion factors multiplied by the incident amplitude
at the station give the earthquake source amplitude.

For the Pn wave, the amplitude conversion factors for the
crust and mantle are incorporated (except for the effect of attenua -
tion) in a mathematical derivation obtained by Heelan (1953).

Heelan (1953) derived particle displacement equations for Pn
waves for a point type source in a two-layer medium by applying
boundary conditions to the wave equation. A variation of wave types,
including P and S head waves, was found., Heelan solved the integral
equations of the particle displacement for the Pn wave using the
method of steepest descents,

Brekhovskikh (1960) has described the general mathematical
methods used to derive Heelan's (1953) integral equations. He de-
rived Heelan's equations for the Pn wave with a slightly different
mathematical procedure. Recently, Berry and West (1966) have

generalized the methods to make them applicable to a multilayered
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medium. The Heelan method was applied to incident P, SV and SH

waves while the Berry-West (1966) method is applicable only to P

and SV waves.

In the present study, it was necessary to ascertain the effects

of a multilayered medium on the P and S waves for a point source.

The equations for the P, SV and SH components of head waves were

derived using the integral equations of Heelan and the methods

described by Brekhovskikh (1960) and by Berry and West (see

Appendix I).

The vertical and radial components of the P and SV waves inci-

dent at the surface of the earth (Appendix I) are:

Ap,s Q

- 3 1P, 15V
1,4 L L/2 1 3/2

- _ Ap, s QZP;,ZSV
1,4 L L/2 [ 3/2

and the horizontal component of the SH waves:

Asm R

_ SH
Vi T - 1/2  3/2
r L
Where: Q]., 2P’ 1, 2 K} SH

(6a,b)

(7a, b)

Q SV, Q include the head wave coefficients

as described by Brekhovskikh (1960) and Berry and West

(1966).
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r is the radial distance on the surface of the earth traveled
by a wave from the epicenter to the seismic station.
L is the distance the head wave is propagated just be-
neath the Moho.
Ap, As, ASH’ are the amplitudes of the P, SV and SH
waves at the source,

The amplitudes of incident P and S waves can be corrected using
these héad wave equations, provided the focal depth and crustal
structure are known.

Figure 2 illustrates earthquake sources at arbitrary depths
above and beneath the Moho. It also shows ray paths of the pand P
waves for crustal shocks and the ray paths of the P wave for sub-
crustal shocks. The source amplitudes of these waves can be deter-
mined by a mathematical equation developed by DeBremaecker (1955)
to convert incident wave amplitudes at stations to source amplitudes.
The DeBremaecker method determines the effect of geometrical
spreading and partitioning of energy at significant earth boundaries

on the source wave amplitudes. The angle of incidence i, of a ray

h
leaving the source and the epicentral distance of the ray must be
used in the equation.

In the present study a program (spherical model) was

developed for a CDC 3300 computer, assuming a spherically layered

earth, straight ray paths in the crust, and either curved or straight
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ray paths in the mantle. By specifying a focal depth and velocity
structure, the program determines the angle of incidence at each in-
terface, the travel time and the epicentral distance for each ray
leaving the source. The program also designates reflected and cri-
tically refracted ray paths for a focus in the crust (See Appendix III).

A modification of the DeBremaecker method was used in this
investigation. Figure 6 shows the geometrical spreading as a
spherical segment at the focus radiating into an expanded spherical
segment at the surface of the earth. The areas of spherical segment

at the focal sphere Sf and surface of the earth SA can be defined as:

2 . .
Sf = 2nr (COSIZ - 00511) (9a)
S =2 2 ({ A s A) (9b)
p = 2mr_ (cosd, -cos 4
Where: r is the radius of the focal sphere

re is the radius of the earth

i i, are the angles of incidence i

2 Y leaving the earth-

h
quake
A 5 Al are the angular distances traveled by a
seismic ray from source to station.
The flux of wave energy (total energy per unit area per unit

time) leaving the earthquake source was equated with the energy flux

at the surface of the earth, Terms that were equal in the equation
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were cancelled and the remaining terms were combined to give the
ratio of source amplitude to the incident amplitude for a seismic

station. The modified DeBremaecker (1955) equation, becomes:

1/2 1/2

Af, T (cos AZ - cos Al) Psvs 1 Ts
— = - ( . i 7 T (10)
s cosi, - cosi)) PeYe) 12 s
where: Af is the amplitude of the wave leaving the source

As is the incident amplitude of the wave at the station
prf is the acoustic impedance of the focal medium
psVs is the acoustic impedance of the material at the

station

Tf, Ts are the periods of the wave at the focus and at the
station, respectively

fl, fZ are the partitioning energy ratios for a wave inci-
dent from above and beneath the Moho (for a sub-
crustal shock fl = 1.0)

The amplitude ratio (equation 10) was converted into the ratio
of spherical wave displacements at the source to the incident ampli-
tude at the station (equation 14). These spherical displacements of
P, SVbor SH waves for an isotropic medium are as follows (Brek-

hovskikh, 1960);

For P wave, the vertical and horizontal displacements are:
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F1 (90)
Up = —Ra . w * p(t-R/a)sin 90 (1la)
—F1 (90)
W = ——— . -
5 Ra w e+ p(t - R/a) cos 60 (llb)

For SV wave, the vertical and horizontal displacements are:

FZ(eo)

USV = T - w - p(t-R/B)cos 60 (l2a)
FZ(eo)

sv = "®p " * p(t - R/B) sin o, (12b)

and for SH, the horizontal component is

K (60)

Ve = =g ~w-° S (t-R/B) (13)

where: F_. (6 ), F_(6 ), K(6 ) are functions of the source,
1" "o 2o o

R is the distance the wave has traveled from the source.
a is the velocity of the P wave and B is the velocity of the S
wave.,
60 is the angle of incidence at which the ray leaves the source.
p (t - R/a, B), s (t - R/B) are the source functions.,

Combining the derived spherical displacements with equation

(10)gives, for r = R:



33

F) L8P (t-r/a,p), K(B ) s(t-x/P)

A
s
1/2 1/2
Ty 'I'S (cos 4, - cos Al) Vszps 1
2 C 2 ) i 5 1) N £:f (14)
™ Tf (cos i - cos i, ‘pf if2

Equation (14) applies to both p and P waves from foci above the
Moho and to P waves from foci beneath the Moho. It was used to
determine the wave displacements at the earthquake source, correct-
ed for the effects of geometrical spreading and partitioning of energy

in the crust and upper mantle,

Correcting for Effects of Wave Attenuation

Attenuation of seismic waves in the present study will be re-
stricted to absorption, Absorption can be removed by employing the
equation of Asada and Takano (1963) and Gutenberg (1959) for a com-
pressional wave,

A -mwir ]

N = expl av
o

(15)

where: Ao’ A are the amplitudes at the source and seismic station
f is the frequency

I/Q is the composite absorption factor for the wave path
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r is the distance traveled by the ray
v is the composite velocity of propagation of the wave
through the earth
The equation can be rewritten with t = r/v where t is the travel

time from the source to receiver.

Method for Determining Fault-Plane Solutions

Wave displacements at the source can be used to determine
fault-plane solutions by various methods. Most methods that have
been used are based on first motions and/or amplitudes of incident
P, Sy and/or SH waves, The method used in this analysis is based
only on the first motion and amplitude of the incident P wave.

Honda (1957) derived equations for particle displacements of
Type I and Type II mechanisms (Figure 1) in an infinite elastic

medium. The displacements at the earthquake source were ex-~

pressed:
for Type I:

R

U, =——,l—?— -(1/2) sin 26 cos ¢
Rs. 2

Use =~ * cos 6 cosd (léa,b, c)
Rs

U = —— * cos 0 sin¢
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and for Type II:

Rl
Upr = Tp-— sin 20 cos ¢
Rl
Use = Ts cos 20 cos ¢ (17a,b, c)
RI
S .
Usq> = -—g cos 0 sin' ¢

where: T is the period of the wave
R, Rs and R'p, R's are expressions of the source
functions in terms of A, u, a, B, w, R and wave
amplitudes.
¢ is the azimuth angle and 0 is the polar angle as illu-
strated in Figure 7d.

Figure 7d depicts the y' axis as the polar axis, the angle ¢
measured in the z', x' plane from the x' axis, and fault planes A
and B in radiation of the P wave, A and B in Figure 7d represent an
orientation as it is used in this study. Equations (16a) and (17a) indi-
cate that the P amplitude patterns are identical for Type I and II
sources.

As shown in Figure 7d, the radiation pattern for the P wave is
fixed in the primed coordinate system, x', y', z'. Assuming a unit
sphere at the origin of the primed system, the equations between the

angles ¢, 6 and the primed system are
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EULER ANGLES AND FAULT PLANES

FAULT PLANE (B)
FAULT, PLANE (A)

%

Figure 7. Angular rotations (a), (b), (c) illustrate the three rota-
tions due to Euler Angles between fixed and rotating
coordinate systems (after Goldstein, 1959); (d) illustrates
the nodes of a P wave fixed in the rotating system.
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x' = sin0 sin ¢
y' = cos 6
z' = sin O cos ¢

The origin of the unprimed coordinate system is fixed at the
earthquake focus, such that x is to the north, y to the west and z
up. The values x, y, and z are calculated from the azimuth and
angle of incidence ih. These values were used to calculate the P-
wave radiation for any ray by rotating the primed system in relation
to the unprimed system.

This rotation is accomplished by use of Euler Angles a,b, c
(Goldstein, 1959) as defined and illustrated in Figure 7a,b,c, The
three rotations about the z, x', and z' axes can be represented by

three matrices whose product is the matrix B:

sin (b)* sin (a) ' , =sin (b) cos (a) , cos (b)

The transformation from the unprimed system into the primed

system is obtained from
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where X' and X are the column matrices representing the two co-
ordinate systems.

The computer program in Appendix III describes the rotation
of Euler Angles a, b, and c in a progression of increments. An
orientation is defined by these angular increments in the program.
Each set of angles a, b, ¢, the angle. ih and the azimuth at a station
give the angles ¢, 6, for that station. The angles ¢, 6 were used to
determine the source amplitudes at three seismic stations. These
computer calculated amplitudes are placed in three sets of ratios and
compared to three sets of observed ratios for each earthquake. The
size of the angular increments determined the number of orientations
required. All possible orientations of the P radiation pattern are
obtained when the angles a, b, c are rotated through 180°.

The calculated amplitude ratios and direction of initial motion
for each of the three stations were compared to the observed ampli-
tude ratios and direction of initial motion for each station. The dif-
ference between the calculated and observed amplitude ratio, divided
by the observed ambplitude ratio, is the fractional deviation. The
deviations, based on the three experimental amplitude ratios, are
plotted for each orientation of the P-wave radiation. When each
deviation ié a minimum for an orientation and the total of minimum
deviations is a minimum for all possible orientations, the fault-plane

solution is assumed to be determined.
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MATERIALS USED

Earthquakes and Stations

Thirty-three earthquakes located in the northwestern United
States and adjacent areas were used in this study. Eight of these,
located off British Columbia, had not been investigated previously.
They were used to determine travel times, as shown in Appendix IV,
The geographical locations of the thirty-three earthquakes are
presented in Figure 8.

The location (latitude and longitude), origin time, magnitude,
calculated focal depth and depth assumed are given in Table I for
each of the earthquakes, Focal depths are denoted by symbols: gh,
the focal depth determined by the Gutenberg-Hodgson technique; cg,
focal depth determined by the U. S. Coast and Geodetic Survey; st,
focal depth determined statistically. Most of the earthquakes ana-
lyzed in this study occurred at depths . of less than 100 km.

Accurate determination of the focal depth is dependent upon
several factors: wave arrivals observed, seismic stations avail-
able, and knowledge of earth structure in the vicinity of the focus and
seismic station. . The Gutenberg-Hodgson method may be used to
determine foci, provided the Pn and p travel times-and velocity
structure are known.  When numerous travel times are available,

the uncertainty of focal depths for shallow earthquakes can be as low



55I_“8»2" 140° 138° 136° 134° 132° 130° 128° 126° 124° 122° 120° nse He° H4° 2e 1to*°

T y AN} T [ T T i [ T T ‘ 55°
‘ ; : } 1 ! .
; ‘ ‘ i i
' H ! I
53¢ ‘ o | X : ‘ ‘ : ; 530
: ’ | ‘ \ i ‘
i ‘ ‘ 1
: j i i
1 |
5i® ! | { i st
.
‘
49° \ 49°
47t 47°
|
®
45° ; -
; ® 45°
‘ o
L)
43° ‘ 43°
j i
arb— : : ‘ : :
A from Rinehart, 1964 ?A : a®
® from Dehiinger, Chilburis, and Collver, 1965 . i i
@ from Aigermissen and Harding, 1965 1 ! i ;
39| ® from Bolt, Lomnitz, and McEvilly, 1967 i ; ‘ i ; ’ 390
8 off British Columbia 3 * j 1 |
; | 1 | A ! | : f
I | | ! ! ; ; - ‘ ; ! !
37° L _ i ‘ [ ; . . l H - H ; 37¢
142°  140*  138°  I36°  134* |32 130*  I28° 126*  124°  122°  {20* B® e 4 nze 110°

Figure 8. Locations of thirty-three earthquakes in the Pacific Northwest used in this investigation. 2



Table I.

Data for Thirty-Three Earthquakes in the Pacific Northwest.

No. Date Origin Time Lat. N, Long. W. Focal Depth (km ) Assumed Depth (km) Mag. (C6G. 8.}
1 April 29, 1965 15:28:43.6 47.3 122.2 59.0 cg 60.0 6.5
2 May 8, 1968 12:17:13. 4 43.6 127.9 -~ st 30.0 6.1
3 Aug. 22, 1963 09:27:07. 3 42.1 126.2 -~ st 30.0 5.6
4 Oct. 14, 1962 10:14:27.7 38,7 124,0 -= st 30.0 4, 7%
5 Mar, 7, 1963 23:53:22.3 44,8 123.8 50.0 cg 44,0 4,6
6 April 19, 1967 18:12:24. 6 52,7 131, 4 -— st 60.0 4.6
7 April 29, 1967 00:04:41.8 51,2 130.4 6.0 cg 10.0 5.1
8 Mar. 30, 1966 12:40:01.0 49. 8 129.7 ~= st 30.0 5.3
9 May 20, 1966 23:58:51,7 50.2 129.7 37.0cg 30.0 5.0

10 Nov, 4, 1966 20:30:13, 3 49,4 128.6 -- st 30.0 4,2

11 June 25, 1963 08:26:21.7 44,2 129.0 31.0cg 30.0 4.5

12 July 4, 1963 05:50:47. 5 43,6 126.3 -- st 30.0 4,4

13 June 25, 1963 09:39:28. 4 44.3 129.1 32.0cg 30.0 4,5

14 Feb, 21, 1963 12:01:16. 4 40.4 125.1 100, O*gh 60.0 3.7%

15 Nov. 6, 1962 03:36:43,0 45,6 122,7 44.0 cg 44.0 4, 8%

16 Jan. 24, 1963 21:43:11,8 47.5 122,0 0. Okgh 10,0 N.

17 Sept. 26, 1962 05:07:11,2 44,6 112.5 -- st 40.0 N.

18 Feb. 16, 1963 03:01:37.8 46,1 110.9 -- st 40,0 N.

19 Oct, 18, 1962 18:03:14,0 44,2 114,9 40, Oxgh 40,0 N,

20 Oct, 18, 1962 20:31:02. 6 44,2 114.9 38. O*gh 40,0 N.

21 Jan. 6, 1963 18:07:42.9 44,9 112, 1 -~ st 40.0 N.

22 Feb., 24, 1963 15:24:51.8 44,8 111,9 -~ st 40.0 N.

23 Sept. 2, 1965 18:01:19.4 48.3 128.4 -- st Normal 4.9

24 Sept. 2, 1965 19:41:25,2 48.3 128.4 -~ st Normal 4.9

25 Oct, 11, 1965 15:47:55.4 50.6 129.4 ~-= st Normal 4.8

26 July 8, 1963 04:19:08. 4 40,8 125.8 -- st 30.0 4,7

27 Aug. 19, 1963 09:38:56.2 40,9 126.0 -~ st 30.0 4,1

28 Feb, 1, 1963 16:38:55. 8 44,2 114.5 30, Oxgh 40.0 N.

29 Jan, 27, 1963 15:24:41.9 44,2 114, 4 31.0cg 40.0 N.

Continued on next page
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Table I. Continued.

No. Date Origin Time Lat, N. Long. wW. Focal Depth (km) Assumed Depth (km) Mag. (C6G.S)
30 Dec, 27, 1963 02:36:18.5 45,6 123.4 37.0 cg 44,0 N.

31 Dec. 31, 1962 20:49:34, 4 47,0 121,9 20, Oxgh 20.0 N.

32 Aug. 2, 1963 22:17:18,2 40,5 125.4 ~- st 30.0 5.1

33 Aug, 27, 1963 05:51:34, 1 44.1 129.5 -~ st 30,0 4,2

*In Magnitude) determined by University of California, Berkeley.
*(In Focal Depth) Depth calculated.

N (in Magnitude column) means no data available,

(44
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as five percent. However, errors in focal depth under generally
favorable conditions can be large if the travel times are limited.

As the required data are insufficient for many earthquakes,
statistical procedures can be effective in estimating focal depths.
The statistical method used in this paper and in the Gutenberg-
Hodgson method are discussed in Appendix II.

Seismic stations employed in the study, station abbreviations
and locations are listed in Table II,

The seismograms used were available on film and on paper.
Known magnification and response curves of both short-period and
long-period instruments at each seismic station were used to deter-

mine ground amplitudes from measured seismogram amplitudes.

Assumed Crustal Sections

The crust is defined in the present paper as all material above
the layer of the earth which has a seismic velocity greater than a
7.6 but less than 8.4 km/sec. Velocity structures.of the crust and
upper mantle of the earth were determined from gravity, seismic
reflection and refraction, and travel-time data. Gravity surveys in
conjunction with seismic refraction work were used to construct
crustal sections (Dehlinger, Couch and Gemperle, 1968). The den-
sities used in these sections were converted to. P-wave velocities by

applying the empirical curves of Nafe and Drake (1961).



Table II.

Seismic Stations Used in Present Study.

44

Location Type Abbreviation Lat. N, Long. E-
Arcata, California ARC 40. 88 235,93
Big Bear, Califomia BBC 34,24 243,76
Boulder City, Nevada BCN 35,97 245, 16
Bellingham, Washington BEL 48,74 237.52
Big Mountain, Alaska BIG 59.39 204.78
Byerly, Califomia BKS 37. 88 237.77
Bozeman, Montana WWSSS BOZ 45, 60 248, 37
Berkeley, California BRK 37,87 237.74
Butte, Montana BUT 46, 01 247.44
Blue Mountain Obs. , Oregon Geneva BMO 44, 85 242,70
Cedar Spring, California CED 34,28 242,67
Calistoga, California CLS 38.64 237,42
Coppermine, Canada WWSSS CMC 67,83 244. 92
Concord, Califomia CNC 37.97 237.93
College Outpost, Alaska WWSSS COL 64. 90 212.21
Corvallis, Oregon WWSSS COR 44, 59 236,70
Dugway, Utah WWSSS DUG 40, 20 247.19
Edmonton, Canada EDM 53.22 246.65
Eureka, California EUR 39, 48 244,03
Fallon, Nevada LRSM FAL 39.20 241,62
Frobisher Bay, Canada FBC 63.73 191,53
Fresno, California FRE 36.77 240. 20
Fort St. James, Canada FSJ 54. 43 235,75
Golden, Colorado WWSSS GOL 39.70 254.63
Goldfield, Nevada LRSM GFD 37.92 242,80
Goldstone, California WWSSS GsC 35,30 243,19
Haiwee, California HAI 36, 14 242,05
Hailey, Idaho LRSM HLID 43.65 245.75
Hailey, Idaho LRSM HL2ID 43, 56 245,58
Hungry Horse, Montana HHM 48, 35 245, 97
Jameston, Califomia JAS 37.95 239, 56
Klamath Falls, Oregon KFO 42,27 238.25
LASA Center, Montana 1AO 46. 69 253,78
Llapada, Califomia LLA 36.62 239.06
Longmire, Washington WWSSS LON 46.75 238,19
Lovelock, Nevada LRSM Lov 39,94 241,16
Mt. Hamilton, California MHC 37. 34 238.36
Mina, Nevada LRSM MNA 38, 44 241, 85
Mineral, Califomia MIN 40. 54 238. 40
Marysville, California LRSM MVCL 39,21 238.71
Mould Bay, Canada MBC 76,23 240.67
Newport. Washington NEW 48, 26 242, 88
Portland, Oregon OMSI 45, 51 237.28
Oroville, California ORV 39, 56 238. 50
Ottawa, Canada OTT 45, 39 284,28
Palisades, New Ycrk PAL 41,01 286.09

Continued on next page
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Location Type Abbreviation Lat, N, Long, E.
Palo Alto, California PAC 37,42 237.82
Pedro Dome, Alaska PJD 65,04 212,49
Port Hardy, Canada PHC 50.70 232,57
Penticton, Canada PNT 49, 32 240, 38
Pt, Reyes, California PRC 38,08 237,13
Priest, California PRI 36, 14 239.34
Paraiso, Califomia PRS 36.33 238,63
Pendleton, Oregon LRSM PTOR 45,61 241,12
Rapid City, South Dakota WWSSS RCD 44,08 256.79
Reno, Nevada REN 39, 54 240,19
Resdlute, Canada RES 74.69 265, 10
San Andreas Geo. Obs,, California SAO 36,77 238, 56
Santa Cruz, California SCC 37,01 238,00
Scarborough. Canada - SCB 43,72 280,77
Schefferville, Canada SCH 54, 82 293,22
Sheep Creek Mt., Alaska SCM 61, 83 212,67
Seattle, Washington SEA 47,66 237,69
San Francisco, California SFC 37.78 237.55
Seligman, Arizona LRSM SGAZ 35.64 246.74
Shasta, California SHS 40.70 237,61
Sitka, Alaska SIT 57. 06 224,68
San Luis Dam, California SLD 37.07 238,78
Sunflower, Arizona LRSM SNAZ 33, 86 248,31
St, Johns, Canada STJ 45, 57 307.27
Spokane, Washington SPO 47,73 242.66
Seattle, Washington (Marshall) STT 47.42 237.69
Stillwater, Nevada LRSM STW 39, 44 241,42
Tonto Forest, Arizona TFO 34,29 248,73
Tonasket, Washington LRSM TKWA 48,79 240, 41
Tanana, Alaska TNN 65. 26 208, 09
Tumwater, Washington TUM 47,02 237.09
Vineyard, California VIN 36,75 238,62
Vineyard, California (Telemeter) VIT 36.75 238,61
Ukiah, California UKI 39, 14 236.79
Victoria, Canada VIC 48,52 236.58
Winnemucca, Nevada LRSM WINV 41,35 242.54
Yakima, Washington LRSM YAWA 46, 50 240,08
Yellowknife Array, Canada YKA 62. 49 245,39
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Ten crustal sections.located near the earthquakes were used
in the present investigation. These sections are illustrated in
Figure 9. Depths of the sections are indicated in km and P-wave
velocities in km/sec. The following crustal sections, as based on

geophysical surveys, were used.

Crustal Sections

Number

1. Oceanic (off Oregon), Based on refraction survey (Shor,
etal., 1968).

2. Continental margins (off Oregon). Based on refraction
survey (Shor, et al., 1968).

3. On continental shelf near coast of Alaska. Based on re-
fraction survey (Shor, 1962).

4, On oceanic abyssal plain (west of Queen Charlotte Islands).
Based on refraction survey (Shor, 1962),

5. South of Puget Sound. Based on gravity section (Dehlinger,
Couch, and Gemperle, 1968).

6. Eastern Oregon and western Idaho. Based on gravity sec-
tion. (Dehlinger, Couch, and Gemperle, 1968).

7. Central Idaho and southwest Montana. Based on refraction

survey, No. 921. (McConnell and McTaggart-Cowan,

1963).
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Ten crustal sections in the Pacific Northwest area
based on analyses of gravity and seismic data.
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Number
8. Southwest Montana. Based on refraction survey No. 909
(McConnell and McTaggart-Cowan, 1963).

9. Willamette Valley. Based on gravity section (Dehlinger,
Couch, and Gemperle, 1968).

10, Central Nevada and California, Based on refraction survey
(Eaton, 1963).

P velocities for all of these sections can be converted to S
velocities using ¢ = 1/4,

Results of the Shor, et al.. (1968) refraction survey off Oregon
were used as a basis for crustal section'No., 1. The velocities"’be-
neath the Moho varied from 7,3 km/sec to 8.4 km/sec. The low
velocity of 7.3 km/sec was found below the Juan de Fuca Ridge.
Rinehart (1964) found an 8.0 km/sec average velocity beneath the
Moho for earthquakes off the coast of Oregon and northern
California.,

Crustal section No. 10 is based on a refraction line across
California and Nevada as obtained by Eaton (1963). Eaton stated that
the Moho deepens in Nevada from 22 to 32 km eastward from
Carson-Sink. Pakiser (1963) also found that the Moho deepens from
Nevada into western Idaho and stated that it may be related to an
intermediate layer in the crust.

Crustal section Nos. 7 and 8 are based on refraction lines 921
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and 909, respectively, from McConnell and McTaggart-Cowan
(1963). Line 921 in northern Utah may not be representative of

Central Idaho.

Calculation of Ground Velocities

The arrival times . of first motions. of P and S waves were com-
pared to travel times developed by (1) Dehlinger, Chiburis, and
Collver (1965) -

east of the Cascade Range:

Pn: (6.62 + A/7.96)+ 0.90

Sn: (10.87 + 4/4.46) + 2.38

and west of the Cascade Range:

Pn: (4.73+ 8/7.67) £ 0,76

Sn: (8.17+ a/4.37) + 2.62
and, (2) travel time curves developed in this study for earthquakes
located off British Columbia for which curves previously had not
been determined (see Appendix IV). All P and S-wave arrivals
beyond an epicentral distance of 10° were compared to the Gutenberg-
Richter travel-time curves. . Directions of the first motions of the P
arrivals, which were identified, were read from the short-period
and long-period records,

Short-period P-'wagxfe amplitudes of first motions were

measured for this study; long-period amplitudes were measured for
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comparison. P-wave amplitudes on a seismogram were measured
in millimeters from the peak to the line of rest in the first half-
cycle. Gutenberg (1956) found that initial amplitudes are not sub-
stantially modified by ground effects at the station.  Peak to peak
amplitudes in the first cycle were also measured.

Wave periods were measured and used to determine the in-
strument response, When the wave period was difficult to read fér
a component, the average period of the other components was used.

The measured amplitudes were changed to ground velocities
by dividing the amplitude by the wave period, instrument response,
and instrument magnification.

The first motions of the S wéve are extremely difficult to
select at epicentral distances 5% to 12° due to possible lack of S
energy, interference from other arriving waves, and the effects. of
resonance of alluvium beneath the seismic station.

Because of these difficulties, S waves were selec’\ted where:

(1) the character of the waves changed frequency, and/or

(2) the wave amplitudes increased,

The S wave was difficult to identify for foci above the Moho; it was
more easily found for foci beneath the Moho.

The procedure for measuring P-wave amplitudes and deter-
mining the ground velocities was used for the S wave. - However,

the S-wave amplitudes for S polarization were selected at the
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first motion when it was clear and impulsive; otherwise the ampli-

tude of a wave closely following the first motion was selected.
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PROCEDURE FOR DETERMINING FAULT-PLANE SOLUTIONS

Removing Surface Effects from Ground Motions

Three components of P wave motion--vertical, north-south and
east-west--were used to determine ground motion particle veloci-
ties., The apparent angle of incidence _'10 was obtained from these
velocities. The square root of the sum of the squares of the horizon-
tal velocities divided by the vertical velocity gave the tangent of the
apparent angle. This method was applied to all seismic stations
where all three P-wave components were available. The apparent
angle of incidence of a P'wave was converted to a true angle of inci-
dence by using Figure 3,

The true angles of incidence for each seismic station were
plotted relative to epicentral distances and periods. No relation-
ships were found. Finally, the true angles of intidence for all earth-
quakes. recorded at a seismic station from a given region were
averaged. This average was used to determine the average deviation
of the true angles of incidence for each station., Results of this
analysis are shown in Figure 10,

The average value of the true angles of incidence for all earth-
quakes and seismic stations was 31, 2°. The angles of incidence at
western stations were generally smaller than at eastern stations.

The true angle of incidence io must be known to determine the
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incident amplitude at the surface of the earth from the recorded
ground amplitude at a seismic station. It was possible to determine
the angle at a station for an earthquake if the particle velocities were
known; otherwise, the angle which was taken was the average at the
station for all earthquakes in a region or the average for all of the
earthquakes. In Figure 4, the relation between the angle of incidence
io and the ratio W/A (vertical component of ground amplitude divided
by incident amplitude) is shown. Using this ratio, the incident am-
plitude of the P wave at the surface was determined.

The three components of S wave motion--vertical, north-
south and east-west--were used to determine particle velocities.
These particle velocities were converted to radial and transverse
ground velocities, using the azimuth of the ray path at a station.
Azimuths were calculated according to Bullen (1963). See Appendix
1II for a computer program of this calculation. The ratio of inci-
dent transverse velocities to radial ground velocities gives the
polarization of the S wave. The incident polarization of the S wave
can be determined from the recorded polarization when the angle of
incidence jo at the surface of the earth is known. The angle of inci-
dence can be determined using the ratio of the radial to vertical
velocity components,

As shown in Figure 5, the ratio of vertical velocity to radial

velocity has two regions in which multi-valued angles of incidence
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are obtained. In region B, S-wave angles of incidence larger than
P-wave angles of incidence should be questioned as both angles
should be the same, Although the computed angles of incidence in
region A are not constant, the polarization of the incident wave is

nearly the same.

Removing Crust and Upper Mantle Effects

The effects of geometrical spreading and partitioning of energy
in the crust and upper mantle can be determined when the ray path
of the P wave and depth of focus have been established. An ampli-
tude conversion factor (dimensionless factor) was determined from
these effects, which was multiplied by the incident amplitude to ob-
tain the source amplitude. For foci above the Moho, the amplitude
conversion factor for the Pn wave was obtained by the theoretical
equations originally derived by Heelan (1953), modified for purposes
of the present study (Eq. 6a,b; 7a, b). The amplitude conversion
factors for the p and P waves were determined by the DeBremaecker
equation, which also was modified for this study (Eq. 14).

The amplitude conversion factors for the P and p waves were
calculated in several steps. This required the determination of the

angle of incidence i, for the ray leaving the focus, the angle of inci-

h

dence im for the ray incident at the Moho, and the epicentral dis-

tance the ray travels. The angle im incident from above and below
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the Moho was used to determine the partitioning of energy (Guten-
berg, 1944). Crustal sections assumed for the P and Pn wave calcu-
lations are numbered 5 and 7 in Figure 9.

Pn, SVn and SHn waves at focal depths of 10 km and 20 km
in the Puget Sound region and depths of 15 and 40 km in Idaho were
calculated with this procedure. The amplitude conversion curves
are shown in Figures 11, 12 and 13.

The amplitude conversion factors for the p wave for foci above
the Moho and for the P wave for foci beneath the Moho were com-
puted. For each ray leaving the focus, the spherical model com-
puter program calculated epicentral distance and the angle of inci-
dence at each layer boundary. The program was applied to the
crustal sections shown in Figure 9. Where the crustal section be-
neath the station wa s different from that near the focus, an average
velocity beneath the Moho was calculated. The plots of ih versus
epicentral distances are shown in Figures 14 and 15. The angle of
incidence at the Moho, ‘im’ was used to determine the partitioning
of energy, using curves derived by Gutenberg (1944).

The angle of incidence i partitioning of energy, and epi-

h!
central distance were used to determine amplitude conversion fac-
tors for the p and P waves (Eq. 14). Amplitude conversion factors

are shown in Figures 16, 17 and 18: .

Table III shows the crustal section and related variables used
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Table II1.

Tabulations for Amplitude Conversion Factors.

Focal Depth  Velocity at Focus Density at Focus

Velocity at Surface

Surface Density

Density Ratio

Figure Crustal Section km km/sec g/cc km/sec g/cc Used
16

1 Willamette Valley 44,0 8.10 3.40 3.38 2.30 1,036
2 Willamette Valley 44.0 7.90 3.32 4. 60 2.50 1,036
3 Willamette Valley 44.0 7.90 3,32 5.20 2.60 1,036
4 Willamette Valley 10.0 4. 60 2.50 3.38 2.30 1,103
S§ Vancouver Island

(Puget Sound) 30.0 7.90 3.32 4. 60 2.50 1,103
6 Vancouver Island

(Puget Sound) 30.0 7.90 3.32 5.20 2.60 1,103

17

1 Puget Sound 60.0 7.90 3.32 4.60 2.50 1.036
5 Queen Charlotte

(Puget Sound) 60.0 8.13 3.41 4.60 2.50 1,036
6 Queen Charlotte

(Puget Sound) 60.0 8. 13 3.41 5.20 2.60 1,036
2 Idaho 40.0 7.30 3.16 5.20 2.60 1.103
3 Off Oregon

(Willamette Valley) 30,0 7.80 3.29 3.38 2.30 1. 103
4 Off Oregon

{(Willamette Valley) 30.0 7.80 3.29 4,60 2.50 1,036

59
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for each amplitude conversion curve in Figures 16 and 17. Densities
in the tables were determined from P-wave velocities using Nafe and
Drake (1961) curves. Density ratios correspond to assumed densities
above and beneath the Moho.

Figures 16 and 17 also illustrate the relation between the ampli-
tude conversion factors in this study and conversion factors that are
commonly made for head waves and body waves. Amplitudes for body
waves in the earth generally are assumed to be proportional to
(A Vf T)—1 and head waves to (AZ)—I, where A is the epicentral dis-
tance, Vf is the velocity at the focus (assumed 8.0 km/sec), and T
is the period of the waves (assumed one second).

Figure 18 presents the amplitude conversion curves for a P
wave originating in the crust in Idaho or the Puget Sound region.

Gutenberg curves (1944), 1 and 4 in Figure 19, were used in the
present study to determine the partitioning of energy across the Moho
in crustal sections. Assuming the Nafe-Drake curves (Nafe and
Drake, 1961) can be used to determine actual densities for basic and
ultra-basic rocks, curves 2 and 3 in Figure 19 represent the parti-
tioning of energy for actual impedances across the Moho.

The source amplitudes of the waves were obtained from the
incident amplitudes recorded at the seismic stations, using the calcu-
lated amplitude conversion curves. The amplitudes have not been

corrected for wave attenuation. This effect will be examined in
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Discussion of Results.

Calculation of the Fault-Plane Solution

The direction of first motions of the P wave recorded at dif-
ferent seismic stations were plotted on a stereographic projection
of the focal sphere. The stereographic projection uses the epicen-
ter as the pole' of projection. The position of each seismic station
on the projection was found by using the azimuth of the seismic sta-
tion in relation to the epicenter and the angle ih.

For each earthquake any three seismic stations were select-
ed which recorded an amplitude of the P wave. The stations were
selected according to the following criteria: (1) the greatest range
in azimuth; (2) the clearness of recorded amplitudes; (3) P wave
arrival time consistent with travel-times. Background noise on
seismograms caused the greatest difficulties in selecting adequate
stations. While arrival times were reliable in most cases, some
deviations from the travel-time curves could be due to (1) inac-
curacies in the travel-time curves; (2) crustal effects; and/or (3)
earthquake source phenomena. The source amplitudes determined
at the three stations were placed in three amplitude ratios for the
experimental purposes.

A computer program was used to calculate the theoretical

amplitude and direction of P-wave first motions at each station,
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using the angle i, and azimuth, The program placed the theoreti-

h
cal amplitudes in ratios and compared them with the observed
ratios in terms of fractional deviations.

The computer program for obtaining orientations of fault

planes used first motions and amplitudes at the three stations.,
This procedure follows:

(1) The theoretical directions of P-wave first motions were
computed and compared to observed directions for two
station’s. If they were inconsistent, the orientation was
rejected.

(2) 1If the directions agreed, then the theoretical amplitude
ratio for the two stations was compared with the ratio of
observed source amplitudes. If the fractional deviation
in the amplitude ratios was greater than 1,00, the orien-
tation was rejected.

(3) If the fractional deviation was less than 1,00, the direc-
tion of first motion of the P wave at the third station was
checked in similar manner.

(4) When the directions of the P-wave first motions agreed
and the fractional deviations in P-wave amplitudes at all
three stations were less than 1. 00, the orientation was
printed by the computer. The orientation computed shows

the possible attitudes of the two fault planes.
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This procedure was followed for over 6000 orientations of fault
planes,

The sum of the fractional deviations for each orientation was
made. Sums having least deviations were chosen as indicative of the
probable orientations. These orientations were then compared with
the directions of first motions of the P wave recorded for the earth-
quake at other stations. The orientation best fitting these first
motions was called the preferred fault-plane solution.

The analysis of the S wave to determine force orientations of
the earthquakes would be similar to the analysis of the P wave. The
S-wave analysis has not been attempted because identification of the
Sn wave was usually unreliable or the phase was not recorded. Con-
sequently, only a few recorded polarizations of the S wave could be
determined from the seismograms. The incident polarizations were
calculated from those polarizations which were recorded (See curves
in Figure 5). These incident polarizations are plotted on the stereo-
graphic projection in this study.

Data used in determining the fault-plane solution of each earth-

quake is in Appendix VI.
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DISCUSSION OF RESULTS

The results of this study are presented in the following order:
comparison of the Byerly Method and the present method; the pres-
ent method applied to earthquakes in northwestern North America;
reliability of the fault-plane solutions; and the general tectonic forces

in western North America,

Comparison of Byerly Method and Present Method

A comparison was made of fault-plane solutions for five earth-
quakes determined by both the Byerly method and the present
method. (Data of present study in Table IV,)

The April 29, 1965 earthquake with a magnitude of 6.5 at
Tacoma, Washington was analyzed by Algermissen and Harding
(1965). They used recorded P and PKP waves to determine a fault-
plane solution, using the Byerly method. This solution is given in
Table V. The present study found the fault planes determined by
Algermissen and Harding (1965) improperly constrained approxi-
mately 5% in strike and/or dip.

The present;;nvestigation included determination of a fault-
plane solution undér the Byerly method. The solution was based on
recordings at epicentral distances of less than 20° (Appendix V).

The procedure in the present method showed that a limited number



Table IV. Summary of Fault-Plane Solutions Obtained in Present Study.
Crustal Secti F
No. Date Region of Earthquake m:]:ed ection Seismic Stations Plane A Dip Plane B Dip Aj;ix:tzd(hic)al
1 April 29, 1965 Tacoma, Washington Puget Sound FSJ, DUG, BKS N27°W 32S8W NO4°W 61E 60,0
2 May 8, 1968 Blanco Fracture Off Oregon COR, UBO, BKS N52°W  4INE  N30°W  50SW 30,0
3 Aug. 22, 1963  Gorda Ridge Off Oregon WINV,HLID, BKS ~ N45°E  84SE N92°E 08N 30.0
4 Oct. 14, 1962  Pt, Arena, Calif. Off Oregon PTOR, WINV,BKS NI2°W  S6E N42°E  SONW 20,0
5a Mar. 7, 1963  N.W. of Corvallis, Willamette PNT,HLID, MNA  N41°W 35S N82°W  6INE 44.0
Oregon Valley
o
5b Mar. 7, 1963 N.W. of Corvallis, Willamette PNT, HLID, MNA NSO E 32SE N54°W 80ONE 20,0
Oregon Valley
o
6 April 19, 1967  East of Moresby Queen Char-  ENT, LON, COL Ni2°w 14 N32°E sow 60.0
Island lotte Island
7 April 29, 1967 © In Queen Char- Queen Char~ F§J, COL, LON N OOE 60E N90°E 90 10,0
lotte Sound lotte Island
8 May 20, 1966  West of north Off north VIC, LON, COR No7°w 80w  N54°w  14NE 30.0
Vancouver Island Vancouver Island
9 Mar. 30, 1966  West of north Offnorth Van- COR, PNT, FS] N42°E  54SE  N74°W  62NE 30,0
Vancouver Island couver Island
10 Nov. 4, 1966 West of north Off north Van- LON, PNT, FS] N32°E 80SE N64°W 62NE 30.0
Vancouver Island couver Island
o
11 June 25, 1963 Blanco Fracture Off Oregon HLID, PTOR, WINV N69 W 80swW N69°W 10NE 30.0
12 July 4, 1963 Blanco Fracture Off Oregon PTOR, WINV, COR NSOOW 80S N80°W 10N 30.0
o o
13 June 25, 1963 Blanco Fracture Off Oregon HLID, LON, WINV N0 W 81w N9 W 10E 30,0

Continued on next page

L



Table IV Continued.

Crustal Section

Assumed Focal

No. Date .Region of Earthquake Used Seismic Stations Plane A Dip Plane B Dip Depth (km)

14 Feb. 21, 1963 Near Cape Mendo- Puget Sound COR, WINV, HLID N27°E 14SE N71°E 79N 60.0
cino, California '

15 Nov. 6, 1962  Portland, Oregon Willamette LON, DUG, COR N12°w 225w N54%E 8OSE 44.0

Valley

16 Jan. 24, 1963  East of Seattle, Puget Sound  PNT,PTOR, MVCL N74°E 80N  N10°E  22E 10.0
Washington

17 Sept. 26, 1962 Near Lima, Montana Idaho HLID, BMO, PTOR N57°E 74NW NSOOW 44SW 40.0

18 Feb. 16, 1963  Near Hatfield Mtn. , Idaho BMO, WINV,DUG ~ NO6°E  66NW. N83°E  60S 40.0
Montana

19 Oct. 18, 1962  N.W. of Hailey, Idaho PTOR, WINV,DUG N50°E  S50SE-  N40°W 90 40.0
Idaho

20 Oct. 18, 1962  N.W. of Hailey, Idaho PTOR,WINV,DUG N28°E  64NW N78°% 625 40,0
Idaho

21 Jan. 6, 1963 N.E. of Lodge Idaho LON, HLID, GOL N30°E  66NW N82°w 485 40.0
Peak, Montana

22 Feb. 24, 1963  S. of Black Butte in Idaho WINV,HLID, PTOR N40°E  70NW N40°E  20SE 40,0

Travelly Range, Mont.

Data for each earthquake found--Appendix VI,

€L
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of fault-plane orientations could be obtained when the stations had
the greatest separation on the focal sphere. Two fault-plane solu-
tions were obtained from orientations having minimum fractional
. deviations, as shown in Figure 20. Solutions obtained with the pres-
ent method compared favorably with the solutions obtained with the
Byerly method. This was remarkable, as fault-plane orientations
were calculated at ten degree increments in this study.

Fault-plane solutions were ‘obtained\for the earthquake of May
8, 1968, in the Blanco fracture zone off the coast of Oregon. Four
groups of three seismic stations were employed. Two of the groups
resulted in three preferred solutions, illustrated in Figure 22. The
solutions could fit the direction of P-wave first motions with only
slight fault-plane adjustments (excluding the station BEL, at
Bellingham, Washington). A fault-plane solution for this earthquake
was obtained also by Bolt, Lomnitz and McEvilly (1969), using the
Byerly method. The focal depth for the earthquake was assumed to
be beneath the Moho in this study and above the Moho by Bolt,
Lomnitz, and McEvilly (1969). The solutions of the two studies
were not in agreement.

A fault-plane solution obtained for the earthquake of August
22, 1963 in the Gorda Ridge off northern California is illustrated in
Figure 21. This solution was obtained after 12, 000 orientations

o)
had been tested. The calculation involved a 5 increment in the
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BOTTOM

Figure 20, Fault-plane solutions for earthquake of
April 29, 1965 projected on top and bottom
half of focal sphere,
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Figure 21. Fault-plane solution for earthquake of
August 22, 1963 projected on top and
bottom half of focal sphere.
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Figure 22. Fault-plane solution for earthquaké of May 18, 1968
projected on bottom half of focal sphere.
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computer program instead of the normal 10°. The density of the
orientations for the 5° and 10° increments are illustrated in Figure
23. A fault-plane solution for this earthquake was determined by
Tobin and Sykes (1968),using the Byerly method (Table V). The
strike and dip of Plane A for the two solutions are similar in the
tables while they are different in Plane B, Tobin and Sykes (1968)
concluded that Plane B is defined by minimum amplitudes; Plane B
in the present method is constrained by amplitude ratios.

The earthquake of October 14, 1962 was located near Point
Arena off the coast of northern California. Fault-plane solutions
for this earthquake obtained by the present method are illustrated
in Figure 24. A solution was calculated for a focus beneath the Moho
which did not fit the direction of first motions of the' P wave. Another
solution, based on a focus above the Moho, appeared to fit the first
motions. These solutions were compared with the solution obtained
by Bolt, Lomnitz and McEvilly (1969), who used the Byerly method
(Table V). The solutions were found nearly in agreement.

Two fault-plane solutions were determined for the March 7,
1963 earthquake located northwest of Corvallis, Oregon. The solu-
tions for foci above and beneath the Moho are illustrated in Figure
25. The two solutions show normal faults with fault planes that tend
to rotate about the null line when focal depths change. A fault-plane

solution of the earthquake was obtained based on the Byerly method
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Figure 24. Fault-plane solutions for earthquake of October 14,
1962 projected on top and bottom half of focal sphere.
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Figure 25. Fault-plane solutions for earthquake of March 7,
1963 projected on top and bottom half of fo