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The nature of “Post-Pn” phases on seismograms, which in-
cludes several distinct phases which arrive for about 10 seconds
after Pn but before the p* phase, were investigated theoreti-
cally and then verified on seismograms from local earthquakes in the
Pacific Northwest states. The analysis applies to earthquakes
occurring within the crust and recorded at epicentral distances from
150 to 1000 km. Eight different mechanisms that would account for
the Post- Pn waves were hypothesized and compared with numerous
earthquake recordings for their acceptability.

The only mechanism which satisfactorily explains the observed
data, and in fact can be shown theoretically to produce synthetic
seismograms that are in remarkable agreement with earthquake

seismograms, consists of various head waves reflected at the surface



or converted at the Mohorovicic discontinuity. From theoretical
analyses it is possible to identify the paths of the various second
arrival head waves, the two most prominent being an TSIPIPZPI

(sPn) and an ‘SIPZPI wave. By measuring time intervals be-
tween the various identified second arrivals and Pn, it is possible
to determine focal depths of small crustal shocks with marked ac-
curacy, using seismograms from only a few (even one) recording
station and no knowledge of origin time. It is also possible to ob-
tain estimates on crustal thicknesses beneath either the source or
station, or both (depending on the particular phases identified), from
these analyses.

The theory developed was used to determine focal depths of

rather small earthquakes in the Pacific Northwest area. Depths

ranged from 4 to 16 km in seven shocks (magnitude range 3% to 5)

that occurred in 1962 and 1963,
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EARTHQUAKE WAVES FOLLOWING THE Pn PHASE AND THEIR
INDICATIONS OF FOCAL DEPTH AND CRUSTAL STRUCTURES
IN THE PACIFIC NORTHWEST STATES

INTRODUCTION

Analyses of the times required for seismic energy to traverse
various paths within the earth provide diagnostic information about
average physical properties of the materials composing the earth,
The data available for analysis consist of recordings of earth motion
at stations on or near the surface of the earth, These recordings
are made at various epicentral distances, i.e. surface distance
between source and receiver, In the case of artificial seismic
sources (e, g. chemical or nuclear explosions), the distances are
usually known precisely, This is not the case for natural seismic
sources, where epicentral distances must be determined from the
recordings themselves, In both cases, however, the ray paths
traversed between source and receiver must be determined from
recordings at surface stations,

In seismology, a ''phase'' is any distinctive activity or wave
group on a recording of the vibrations at the earth's surface, Time-
distance charts are constructed by plotting the arrival times of the
phases as a function of epicentral distance, The origin time of the
earthquake can be determined by various standard methods, and this

time has been used as the time origin on the recordings, The




time-distance charts and the individual seismograms can be examined
to determine if any of the phases are correlative from one epicentral
distance to the next, Such correlations are based upon the character
or shape of the wave forms and on the smoothness of the curve con-
necting the arrival times of phases recorded at different distances,
The time-distance or travel-time curves have been found to exhibit
individual characteristics for every region, These curves represent
constraints which must be satisfied by models of the structure of the
earth,

It is usually the case that phases are observed on seismograms
which are not associated with any of the plotted travel-time curves.
Certain of these heretofore uncorrelated phases are the subject of
this thesis., The specific phases of interest will be discussed shortly,

Local travel-time curves were constructed by Dehlinger et al,
(1965) for earthquakes that occurred in the Pacific Northwest states,
The observed travel-time data were found to fit two distinct sets of
curves, One set was characteristic of waves that were recorded in
the region west of the Cascade Range, while a different set was
characteristic of waves recorded east of these mountains., The
sparsity of seismic stations in the Pacific Northwest states did not
allow detailed recording in the epicentral range from 0 to 120 km,
Quite adequate station coverage was obtained for epicenters between

120 and 1000 km,



Travel-time curves for the Pn and P* phases in the region east

of the Cascade Range were found to obey the following relations:

T =6.62+4/7.96
Pn
=3 + 4
Tpoy = 3.55 +4/6.60
Tp and TP* are times, in seconds, required for these two phases
n

to travel from the earthquake source to a station at an epicentral
distance A, measured in kilometers,

Statistical tests applied to the travel-time data verified that the
assumption of a linear expression for the Pn phase was justified,
The linearity of the travel-time curve leads to the usual interpreta-
tion that the Pn phase is a head wave associated with the crust-
mantle boundary, The P* phase is assumed to be a head wave
associated with an intermediate crustal discontinuity (described in
Richter, 1958, p. 284).

It is seen from the above expressions that the Pn and P*
phases arrive simultaneously at an epicentral distance of 118, 4 km,
and that differences in their arrival times vary linearly with epicentral
distance. Thus, the P* phase arrives 22,9 seconds later than the
Pn phase at a distance of 1000 km, As is well known, however,
seismograms exhibit the arrival of seismic energy between the
arrival times of the Pn and P* phases; this recorded energy is
not associated with other refracting layers in the earth, and it must

have other explanations regarding its origin, In particular, it was




noted during the construction of the travel-time curves that the

initial Pn motion on seismograms is usually followed by a second
phase arriving 3+ 2 seconds after Pn', The amplitude of this second
phase may be 3 to 4 times larger than that of Pn (e.g., Dehlinger,
1964; Dehlinger and French, 1965). A further examination of
seismograms of local earthquakes in the Pacific Northwest states
indicated that there are usually several distinct onsets of seismic
energy between the arrivals of the Pn and P* phases; these phases
will be referred to collectively as "Pos'c-Prl phases.' The first phase
after Pn will be referred to as the "Post-Pn” phase, the next as the
""Second Post-Pnf'phase, etc,

An investigation of these "Post-Pn phases' is needed to deter-
mine the nature of these waves and to decide whether they might be
diagnostic in determining earthquake focal depths, earthquake source
mechanisms, or crustal structures in the source or recording

regions.




PURPOSE OF THE INVESTIGATION

The purpose of this investigation is to examine various
hypotheses concerning the origin of the Post-Pn phases on the
recordings of local earthquakes in the Pacific Northwest states, The
epicentral-distance range of interest will be from 120 to 1000 km as
the Pn phase is the first arrival on recordings made in this range,
The Pn phase has been extensively studied and provides a sound
basis for examining phases which travel with velocities nearly equal
to that of the Pn phase,

The first large amplitude phase following Pn, the Post-Pn
phase, is of particular interest. However, it is also necessary to
consider later phases in view of the possibility that several events
may be related,

Finally, the theory developed on the origin of Post- Pn waves

will be used to analyze data for specific earthquakes.




PREVIOUS WORK AND PRELIMINARY CONSIDERATIONS

Seismometers of various degrees of sophistication have been
used to record vibrations of the surface of the earth since about 1880,
The origins of various phases on the recordings of earth motion,
including the Post-Pn phases, have been the subject of many investiga-
tions, Investigations relating to the Pos'c-Pn phases are described in
this study under the following subjects:

1) Instrumental effects,

2) Reflected phases,

3) Signal-generated noise,

4) Second source motion,

5) Wave conversions by crustal discontinuities,

6) Head wave multiples,

This investigation is concerned only with Post- Pn phases
recorded in the epicentral range from 120 to 1000 km, Clearly,
explanations of second arrivals in this range must also be consistent
with observations of such phases at both shorter and longer distances.,
Therefore, the results cited below include some analyses of record-

ings made outside of the 120 to 1000 km epicentral distance range,




Instrumental Effects

Seismometers consist of a mass suspended on either a vertical
or horizontal spring within a seismometer case, The seismometer
case follows the vibrations of the earth, and the differential motion
between the case and suspended mass is usually converted into an
electrical signal, In modern seismometers this conversion is
accomplished by either the movement of a coil in a fixed magnetic
field (electromagnetic or moving-coil seismometer) or by changing
the air gap in a magnetic circuit on which a fixed pick-up coil has
been mounted (variable-reluctance seismometer). The resultant
electrical signal is then used as the input to a galvanometer or other
recording device, The galvanometer employes an optical lever with
subsequent recording along with time fiducials on a photographic film
or paper attached to a constantly rotating drum, Both the moving-
coil and variable-reluctance seismometers utilize electrical damping
of the mass and of the recording galvanometer. The complete
instrumentation is referred to as the seismograph and the continuous
record of earth motion as the seismogram,

The theoretical response of an electromagnetic seismograph
has been derived by Hagiwara (1958). The calculations were carried
out for a simple harmonic input of infinite duration, The resulting

seismogram is a simple harmonic record of the same frequency as




the input ground motion, but with a change in amplitude and a change
in phase, Both the amplitude and phase of the seismometer output
depend upon the input frequency,

The amplitude and phase response functions vary continuously
with variation in input frequency, The amplitude response function
has a single maximum which depends upon the instrumental para-
meters, The maximum response represents a maximum instrument
magnification which occurs at the resonance frequency. Frequencies
above and below the resonance frequency have lower instrumental
magnifications, It is therefore to be expected that large displace-
ments on a record of complex ground motion will occur when fre-
quency components near the resonance frequency interfere con-
structively, This instrumental resonance has been observed on
seismograms (see, e.g., Richter, 1958, p. 215),

Ideally, records can be deconvolved to eliminate instrumental
effects, but the digitization of large numbers of analog records with
subsequent numerical calculation is not tractable without specialized
equipment, Therefore, the many existing analog records must be
analyzed directly, and instrumental effects which alter the appearance
of the records must be understood, As earthquakes are transient
phenomena, the instrumental effects on the onset of a causal signal
must be considered,

Hagedoorn (1964) has found experimentally that when a starting




sine wave with a frequency near the resonance frequency is passed
through a seismograph, the amplitude of the first half cycle on the
resultant record is smaller by half than the amplitude of the second
half cycle. This ""cramping' effect is also displayed by a theoretical
calculation of Sarmah (1966), Sarmah numerically filtered a
theoretical pulse through the response function of a short-period
Benioff seismograph, His results are reproduced in Figure 1, This
figure shows that the recorded onset time corresponds to the actual
ground motion onset time, but, because of the effect of the instru-
ment, the largest recorded amplitude occurs at 0,4 second later,
Thus, when interpreting seismograms it is necessary that true
arrivals are distinguished from large amplitudes which are a result
of the instrument itself through instrumental resonance or second
cycle enhancement,

Finally, general considerations of the theory of seismometer:s
indicate that the seismogram can be a record of ground displacement,
velocity, or acceleration, depending upon whether the signal period is
much less than, nearly equal to or much greater than the natural
period of the seismometer pendulum (see, e, g., Richter, 1958,

p. 215). Seismograms thus represent a recording of ground motion
modified in a complex manner by the instrumental reaction to the dif-
ferent frequency components of the signal, In general, modern seis-

mographs are designed to provide essentially a record of the velocity
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Figure 1. Instrumental effect upon the input signal. Reproduced from Sarmah, 1967.
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of ground motion,

Reflected Phases

The most extensive experimental study of second arrivals was
published by Gutenberg (1951), wherein he examined the recordings
of 50 southern California earthquakes in the epicentral range of 0 to
1‘000 km. Gutenberg assumed a focal depth of 16 km for all of the
earthquakes, By using a crustal and subcrustal model which was con-
sistent with previous earthquake and explosion studies, he was able to
account for many of the observed second arrivals, These arrivals
were considered to be reflections and refractions from seismic dis-
continuities within the crust and upper mantle, He also described a
phase, Px’ for which he could find no satisfactory explanation, The
Px phase followed Pn by a few seconds for epicentral distances from
150 to 900 km, Gutenberg found that the Px— Pn time interval varied
from 1 to 4 seconds, and that Px occasionally appeared with an
amplitude about five times that of Pn’ On some records he was
unable to find Px while on two records he found two phases near the
Px time, There seemed to be a slight increase in the PX—Pn time
interval from about 150 to 300 km, but there was no change in time
interval for distances between 367 and 818 km, It was not possible to
explain the small P -Pn time interval at the larger distances in

X

terms of reflections or refractions from an additional discontinuity,
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Gutenberg therefore suggested that Px may actually be the result of
several different waves,

In addition to the Px phase, some of the later second arrivals
considered by Gutenberg to be reflections and refractions are in want
of an explanation as the crustal model used by Gutenberg is now
obsolete, Finally, Gutenberg's use of a constant focal depth for all

the shocks is no longer a tenable assumption,

Signal-Generated Noise

It has been shown by the use of model seismology (Tatel, 1954;
Tatel and Tuve, 1955) that blocks of materials on the surface of a
layered medium can produce surface waves from incident body waves,
Also, buried geologic features may act as acoustic inhomogenieties
resulting in the transfer of body-wave energy to surface-wave motion,
The recorded second arrivals resulting from this conversion of the
primary signal to the slower surface-wave motion by local
inhomogenieties are usually referred to as signal-generated noise,
When the inhomogeniety is a geologic feature with dimensions of
several kilometers located near the recording station, the signal-
generated noise may arrive within a few seconds after the onset of
the primary signal,

This effect was observed by Key (1967) while studying the records

of the Eskdalemuir, Scotland, seismic array of a Kamchatka event,
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The records from several instruments of this array are reproduced
in Figure 2, A single trace of Figure 2 would represent the informa-
tion of a single three-component station, It is seen that a second
phase arrives some 3 to 7 seconds after the onset of the first arrival,
If only a single trace were available for examination, this second
arrival could easily be interpreted as body-wave energy which has
traveled by a different ray path than the first arrival. When the
records from the complete array are compared, however, the
second phase is seen to traverse the array with a much lower apparent
velocity than that of the first arrival, Key identified the second phase
as being locally produced by virtue of its phase velocity across the
array and by the fact that its phase velocity and propagation direction
were constant despite changes in the approach azimuth of the P
signals of over 50°, Key also found that the particle motion for the
second phase was elliptical, indicating that it has the character of a
Rayleigh wave. The first two properties of signal-generated noise
require an array for detection, but the character of the particle motion

can be determined from a single three-component seismic station.

Second Source Motion

Multiple Shocks

The actual time dependence of the acoustic radiation at the focus

of an earthquake is not well known. According to Bullen (1963, p. 78},
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Figure 2. Vertical component seismograms of a Kamchatka event
recorded at the seismic array in Eskdalemuir, Scotland.
Reproduced from Key, 1967.
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the main energy of most earthquakes is released over a short dura-
tion. Bullen describes the events at the source as: "conditior:;é
approximate to the occurence of an instantaneous initial impulse,
followed by a swift displacement and return to near the undisturbed
position, all taking place within a few seconds at‘most. " He also
reports that the existence of multiple shocks, i,e., the first dis-
turbance repeating itself several times, was suggested by Stoneley.
Stoneley showed that the Mongolian earthquake of August 10, 1931
could be interpreted as consisting of two shocks of comparable
intensity., The two shocks were separated by a time interval of 33
seconds, with possibly two other shocks in between.,

Other examples of multiple shocks have been reported. A
recent multiple shock interpretation was given by Wyss and Brune
(1967) for the Alaskan earthquake of March 28, 1964, Seismogram
phases at 9, 19, and 44 seconds after the first P wave were con-
sidered to be the result of separate shocks occurring at 35, 66, and
165 km, respectively, south of the main epicenter. They state:
"From the analysis it appears that a reasonable source model is a
rupture or a shear wave spreadiné out from the epicenter which

triggers off more or less distinct events, "

This interpretation is of
importance here as the time between the first and second shock is

9 seconds and is nearly equal to the interval between the phases

observed for the smaller crustal shocks in the Pacific Northwest
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states.,

Multiple shock interpretations are based on the observation
that several seismic phases on a single record are duplicated after
a constant time delay. The time delay may not be the same for
seismograms recorded at different source-to-station azimuths, how-
ever, when the focus of the second disturbance is separated in space
as well as in time from that of the initial disturbance. This was

observed in the case of the Alaskan shock mentioned above,

Source Dynamics

In addition to the triggered-failure concept of second source
motion (multiple shocks) Savage (1965) has proposed the ideas of the

' From model experiments

""'stopping phase' and the ""breakout phase.'
utilizing thermally induced fractures in glass plates, Savage pro-
posed a second emission of seismic energy from a fault-model earth-
quake corresponding to the time of termination of a fracture. He
termed this phenomenon the ""stopping phase.' Also, a second emis-
sion of seismic energy should occur if the fracture encounters a free
surface. Savage referred to this as the '"breakout phase.' He
explained that the first motion of the '""breakout phase'' is in the same
direction as that of the first arrival, whereas the ordinary ''stopping

phase' exhibits an opposite direction of initial movement. He com-

ments: '""This is to be expected since the free surface relieves the
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constraints which oppose the fracture displacement whereas the
ordinary stopping of a fracture implies the dominance of these con-
straints, "'

In his paper, Savage cites examples of strain recordings (re-
cords of the very long period motion of the earth - from a few minutes
to several hours) which show displacements consistent with a stopping
phase interpretation. There is a considerable difference, however,
between the source dynamics hypothesized by Savage and by Bullen.
Savage's failure model is that of a crack spreading with a somewhat
constant velocity over what will eventually be the complete rupture
surface. According to Savage, the velocity of rupture is of the order
of 3 km/sec, while the fault lengths vary from perhaps 70 km to
1500 km (Savage, 1965). The rupture duration time would thus vary
from some tens of seconds to several minutes. The time interval
between the initial phase and the stopping phase would have a similar
variation., For shocks whose fault dimensions are only a few kilo-
meters, this time interval may be a few seconds.

The breakout phase requires that the rupture encounter the
surface of the earth and therefore depends upon the rupture velocity,
the dip of the fault plane and the depth of the initial point of failure.
Savage used as a possible example of the breakout phase the observa-

tions and results of Ryall (1962) for the Hebgen Lake, Montana, earth-

quake of August 18, 1959. This earthquake displayed the required
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surface faulting, and the seismograms showed a large, clear event
5 to 8 sec after the arrival of the first P wave. The amplitude of the
second event was always larger than that of the first, the directions
of initial motion for the two events were always the same, and the
time interval between the two events was larger by 2 or 3 sec for
stations to the north of the epicenter than for stations to the south.
Savage stated that the first two observations are consistent with a
"breakout phase'' (indicating a focal depth of less than 13 km), but
that the third observation is not consistent as fault-plane solutions

and surface observations show the dip to be to the south.

Wave Conversion by Crustal Discontinuities

When a compressional or shear wave is incident upon a surface
separating two media of different acoustical parameters, the energy’
in the incident wave is partitioned among the transmitted compres-
sional and shear waves and the reflected compressional and shear
waves. Thus, a single wave in a layered crust may produce several
daughter waves. This multiplicity may occur either within the crust
near the source or within the crust in the vicinity of the recording
station.

Partitioning of the energy of an upward traveling compressional
wave by discontinuities beneath the recording station has been pro-

posed in certain areas as an explanation of second arrivals.
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Matuzawa et al. (1928, 1929) were the first to use this explanation
for second arrivals as observed on earthquake seismograms recorded
in Japan. They accounted for several large second arrivals which
were recorded principally on horizontal instruments. The earliest
of these second arrivals was delayed by only 1.5 seconds with respect
to the initial motion on the seismograms, and the second phases were
observed for local shocks of all focal depths. Russian investigators,
notably Andreev (1957a, 1957b), have identified large amplitude
second arrivals on horizontal seismograms as being P to S converted
waves (P-S exchange waves in their terminology); the conversion is
interpreted to have occurred at intermediate crustal discontinuities.
Both local and teleseismic earthquakes were used by Andreev, and the
short period instruments recording the waves had response curves
similar to the short-period Benioff systems.

Schwind et al. (1960) have provisionally interpreted second

arrivals with amplitudes several times that of the initial P wave as
P to S converted waves at the receiving site from a large chemical
explosion. The observed arrival times compared favorably with
calculated ones, using the crustal layering for the area in Utah as
determined by the seismic refraction studies of Berg et al. (1959).
Particle-motion diagrams were consistent with the interpretation of

the phases as shear arrivals.
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Head Wave Multiples

From a geometrical optics point of view, there are a number
of possibilities for seismic arrivals which have travel-time curves
that are parallel to and are displaced by only a few seconds from the
Prl travel-time curve. The causes of this travel-time multiplicity
can be categorized as follows:

(a) source reflections and conversions,

(b) conversions at the Mohorovicic discontinuity under the

station,

(¢) true multiples,
along with the effects at internal crustal discontinuities mentioned
earlier. These categories are defined by their ray paths for a
single layered crust in Figure 3. The letters S and P, respectively,
indicate that the corresponding ray segment is traversed with the
shear-wave velocity or the compressional-wave velocity of the
medium. The complete ray path from source to station is obtained
by connecting any of the source possibilities, (a), with one or more
of the transmission possibilities, (c), and terminating the path with
either of the station possibilities, (b). The situation would be com-
pounded in a multilayered crust.

Of the number of possible ray paths in Figure 3, a few have

been considered in the literature. The existence of arrivals produced
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Figure 3. Origins of head wave multiples.
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by (c) is well documented by the model experiments of Nakamura

(1966). His results indicate that the amplitude of the refracted-
reflection taking place near the source and the amplitude of the
reflected-refraction occurring near the station can be of appreciable
size. Those paths whose reflection points are further from the
source or the station are of secondary importance. Nakamura's
model with the uniform one layer crust produced a second arrival
whose amplitude was as much as 1. 3 times that of the principal

head wave.

Multiples resulting from mechanisms (a) and (b) in Figure 3
have been somewhat neglected in the literature, due in part to the
fact that the more detailed head-wave studies have been carried out
using chemical or nuclear explosive sources at or near the free sur-
face. Thus, the large energy shear waves which are generated by
earthquakes are not assumed to be present, and the nearness of the
free surface does not afford a large enough time delay for the sur-
face reflections to be adequately defined on the records in the period
range of interest in earthquake studies. Furthermore, there is a
lack of knowledge in a form applicable to experimental seismology
concerning the amplitudes of head waves which inovlve a conversion
of wave type--even though the theory has been developed to a con-
siderable degree. The few references to wave interpretations based

on (a) and (b) in Figure 3, which can be cited, are based primarily on
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travel-time considerations.

Interest has been expressed in the sPrl wave, an S wave re-
flected from the earth's surface above the source, which then travels
as a Prl wave, as its identification would be valuable in determining
focal depths. This possibility was suggested by Dehlinger and French
(1965), and the wave so generated was also discussed by Kondorskaya
(1956). Both papers pointed out the observational fact that shear
waves recorded at stations near the epicenter are usually more
energetic than compressional waves. It was suggested that the sPrl
wave should be recorded because of the large coefficient for an S to
P reflection at a free surface in the incidence angle range required
for subsequent critical refraction at the Moho. Relations giving
focal depths as functions of sPn-Prl time intervals were presented
in both papers. Kondorskaya was principally concerned with large
subcrustal shocks recorded at teleseismic distances, and the experi-
mental evidence presented was for those cases. The use of sPn
in local crustal shocks was presented only as a; theoretical possibil-
ity. Dehlinger and French, on the other hand, emphasized the use
of the S to P surface reflected wave for the investigation of crustal
shocks in the Prl epicentral distance range and indicated provisional
identification of the sPrl wave on records of shocks in the Pacific
Northwest states. They found the focal depth determinations by the

sPrl technique for shocks in the Pacific Northwest states to be quite
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reasonable. Focal depths determined by this method for certain
shocks in central California were reasonably consistent with depths
determined by Turcotte (1964), using conventional techniques.

In a recent refraction study by Hall and Brisbin (1965) in
western Manitoba, two seismic discontinuities were distinguished -
the Conrad and the Mohorovicic discontinuities. Using a two-layer
crustal model and travel-time considerations, they were able to
explain certain second arrivals on their records in terms of a com-
bination of paths (a) and (b) in Figure 3, along with conversions at
the intercrustal discontinuity. The head wave types which they ob-

served were P, SlP P, S P_.S

b *: 1 P P
271 17271 S Pn PS S

172737271’
S S P.S_S S PPP.S S.SSPPS, and P.S_P_S_.S

172737271 T172737 271 17273 2N1 172737271
(The subscript indicates the layer traversed by the ray, except for
the central terms of each label which represents head wave propaga-
tion.) Energy considerations were not discussed in this paper.

An earlier example of a second arrival resulting from (b) can
be found in Grant and West (1965, p. 103) where the records and

results of Dobrin et al. (1951) are reproduced with the tentative

identification of PPS from travel-time considerations.
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MATERIALS USED

Recording Stations

The nature of this study sets timing requirements on the
measurement of intervals between successive arrivals. As the time
intervals are of the order of a second to a few seconds, it would be
desirable to read times to 0.1 second. This accuracy would also al-
low measurement of the wave periods which are typically between
0.4 and 1 second. A matched set of instruments, with one meas-
uring vertical ground motion and two measuring perpendicular com-
ponents of horizontal motion, are desirable. The motion of the
ground at the station can then be reproduced.

The World- Wide Standard Seismic (WWSS) stations have a
matched set of instruments. The recording drums of the short-
period instruments operate at 60 mm/min, which is a rather con-
densed time scale for the accuracy required. Second arrivals can
be seen on the records of the WWSS stations, but the records do not
provide the resoltuion for the small time interval or period measure-
ments. Photographic enlargement of the records has not been of any
value.

The Long- Range Seismic Measurement (LRSM) stations,

operated as part of the Vela Uniform Project of the Advanced
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Research Projects Agency, also have a matched set of short-period
instruments. These instruments record on 35 mm film and provide
a time scale of 6 mm/sec when the film is viewed on a X24 microfilm
viewer. Hence, LRSM stations have the desired time resolution,
and measurements can be taken visually from the microfilm reader
using a millimeter scale. In addition, LLRSM stations record higher
frequency motion than WWSS stations, and thus provide a better
resoltuion of closely spaced pulses.

Data from the ILRSM stations are considered more reliable,
but WWSS stations were also used. Records from stations other
than LRSM or WWSS stations were used when necessary for adequate
station coverage. These include stations from the seismic network
operated by the University of California at Berkeley and the seismic
array at Baker, Oregon, which is a Geneva-type station of the Vela
Uniform Project.

Pertinent station information is listed in Table 1.

Earthquakes

The records of 25 earthquakes in the Pacific Northwest states
were examined. Only nine of these were found to provide recordings
useful for this study. The remaining earthquakes were discarded as
the station records were not of sufficient quality to provide informa-

tion concerning the first ten seconds following the first arriving




Table 1. Seismograph station information.
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Station

Type

Code

Coordinates

Arcata, California
Bellingham, Washington
Berkeley, California

(Haviland)

Berkeley, California
(Strawberry)

Baker, Oregon
Bozeman, Montana
Corvallis, Oregon
Hailey, Idaho

Hungry Horse, Montana
Longmire, Washington
Mt. Hamilton, California
Mina, Nevada

Mineral, California
Palo Alto, California

Pendleton, Oregon

Penticton, B.C.

U. Calif.

U. Calif.

WWSS

Geneva

WWSS

LRSM

WWSS

U. Calif.

LRSM

U. Calif,

LRSM

ARC

BLL

BRK

BKS

BKR

BOZ

COR

HLY

HHM

LON

MHC

MNA

MIN

PAC

PND

PNT

40 52 36.0 N
124 04 30.0 W

48 44 20.0 N
122 29 05.0 W

3752 24,0 N
122 15 36.0 W

37 52 36.0 N
122 14 06.0 W

44 50 56.0 N
117 18 20.0 W

45 36 00.0 N
111 38 00.0 W

44 35 08.6 N
123 18 11.5 W

43 38 50.0 N
114 15 02,0 W

48 20 58.0 N
114 01 39.0 W

46 45 00.0 N
121 48 36.0 W

37 20 30.0 N
121 38 30.0 W

38 26 10.0 N
118 08 53.0 W

40 20 42.0 N
121 36 18.0 W

37 25 00.0 N
122 10 54,0 W

45 36 40.0 N
118 53 02.0 W

49 19 00.0 N
119 37 00.0 W



Table 1. (continued)
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Station Type Code Coordinates
Reno, Nevada U. Calif. REN 39 32 24.0 N
119 48 47.0 W
Seattle, Washington SEA 47 39 18.0 N
122 18 30.0 wW
Shasta, California U. Calif. SHS 40 41 42.0 N
122 23 30.0 W
Tonasket, Washington LRSM TON 48 47 38.0 N
119 35 16.0 W
Tumwater, Washington TUM 47 00 54.0 N
122 54 30.0 W
Victoria, B. C. VIC 48 31 10,0 N
123 24 55.0 W
Vineyard, California U. Calif. VIN 36 45 00.0 N
121 23 18.0 W
Winnemucca, Nevada LRSM WMC 4] 21 02.0 N

117 27 30.0 W
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waves. The poor record quality resulted from unfavorable combina-
tions of earthquake magnitudes and station magnifications, along with
the usual noise and instrumentation problems encountered in earth-
quake studies,

The epicentral locations and origin times for the earthquakes
used are listed in Table 2. The data for those earthquakes marked
with an asterisk were published by Dehlinger et al. (1965), and the
data for the remaining earthquakes in the table were taken from the
""Preliminary Determination of Epicenters'' cards published by the

U. S. Coast and Geodetic Survey.

Table 2. Earthquake epicenters and origin times.

Date Hr. Min. Sec. Latitude Longitude
*August 23, 1962 19:29:13. 4 41 47 N 124 15 W
*November 6, 1962 03:36:43.0 45 36 N 122 39 W
*January 6, 1963 18:07:42.9 44 51 N 112 05 W
*January 24, 1963 21:43:11.8 47 29 N 122 01 W
*January 27, 1963 15:24:41.9 44 10 N 114 25 W
*December 27, 1963 02:36:18,5 45 38 N 123 23 W

Oceanic Shocks

October 14, 1962 10:14:27.7 38 43 N 124 00 W
June 25, 1963 08:26:21.7 44 12 N 129 00 W
August 22, 1963 09:27:07. 3 42 06 N 126 12 W
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Crustal Structure

The earthquakes and stations listed above lie in three struc-
tural provinces: the oceanic province off Oregon and northern
California, and two continental provinces - one west and the other
east of the Cascade Range.

The structure of the oceanic province was based on seismic
refraction work by Shor et al. (1968). The structure of the two con-
tinental provinces was suggested by Dehlinger et al. (1965) in con-
nection with their studies of earthquakes and gravity anomalies in
the areas. Further, the crustal structure in the province east of
the Cascade Mountains was examined through seismic refraction
measurements by Pakiser and Hill (1963)., A studyby Chiburis (1965)
of Rayleigh-wave dispersion provides additional constraints for the
structure of the continental provinces.

All of the above seismic data, along with the reliable gravity
data collected by investigators at Oregon State University
(Thiruvathukal, 1968), have been utilized in the construction of the
composite crustal and subcrustal cross-section shown in Figure 4
(reproduced from Dehiinger et al., 1968). This figure will be used
as the basis for numerical calculations.

Figure 5 displays appropriate one-layer models representing

an average for the structure shown in Figure 4. The crustal velocity
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Figure 4, Crustal structure in the Pacific Northwest states. Reproduced from Dehlinger et al. (1968).
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of 6.1 km/sec in the western continental province should probably
be increased to 6.3 km/sec (Dehlinger, personal communication),
but it will be shown that this change does not affect the following

results.
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OBSERVATIONS OF THE "POST- Pn” WAVE

As a second phase whose amplitude was larger than that of the

Pn phase was observed to follow the Pn phase by a few seconds on
most of the records of Pacific Northwest earthquakes, it was initially
suspected that this arrival resulted from the same phenomenological
cause for all earthquakes. Thus‘, one phase was defined, tentatively
called the '"Post- Pn“ phase, using the terminology of Dehlinger and
French (1965), as the first discernable onset following Pn on those
seismograms for which Pn is the first arrival and the epicentral
distance is sufficiently large that P* does not afford an explana-
tion of the second arrival. This sets the epicentral distance between
about 200 and 1000 km. With this definition as a guideline, statistical
data concerning the ''Post- Pn“ phase were gathered for the stations
and earthquakes listed in Tables 1 and 2. Data collected consisted
of time intervals between the arrivals of Pn and Post- Pn,
ratios of amplitudes of the first half cycle of Post- Pn to Pn, rela-
tive directions of first motion of Post- Pn to Pn’ and ratios of the
apparent periods of Post- Pn to Pn. The data collected are pre-
sented in Table 3, and the following generalizations can be made
from the results.

(1) The time interval between '"Post- Pn“ and Pn is nearly con-

stant for any one shock, but varies for different shocks
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recorded at the same set of stations. For example, the inter-
val may be from 1.5 to 2.5 seconds for one shock (see Table 3
for the shock of 8-23-62), but 3 to 4.5 seconds for another
shock (11-6-62 or 10-14-62). There seems to be no systematic
dependence of the time interval upon epicentral distance.
Amplitudes of ”Post-Pn” were usually 2 to 5 times the ampli-
tude of the Prl wave on all three components of the short-
period system, although some were larger and others smaller.
There seems to be no systematic dependence of the ”Post-Pn”
to Prl amplitude ratio upon the epicentral distance.

Average periods of the ”Post-Pn" and Prl waves were ap-
proximately the same, both being between 0.4 and 1.3 seconds.
In the instances where there were differences, ''Post- Pn"
tended to be shorter.

Whether the first motion of Prl and ''Post- Pn” had the
same or opposite directions appeared to depend upon azimuth.
It was not possible to determine whether the first arrival, as-
sumed to be Pn, was indeed the same wave at all stations
recording a given earthquake as the appearance of the onset of
the motion seemed to change with azimuth. Figure 6 shows
short-period vertical seismograms recorded at two stations in
Nevada for which ray asimuths were only 16° apart. A quite

remarkable in-phase correlation is observed, almost wave for
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Table 3. "Post-P "' data.

. Epicentral Time Interval (Post-P_)/P_ Ratios
Station and . n” n .
Instrument Distance after Py Amplitude First Motions Periods

n n
(KM) (SEC) P :
Land Shocks
August 23, 1962

MIN 271

A% Amplitudes too large

NS 1+7? - same? -

EwW 1+7? - same? -
BKS 469

A% Amplitudes too large

NS 1.8 21/2 same -

EwW 1.8 21/2 same -
USF 474

A% Amplitudes too large

NS 2 2 same? .6

Ew 1.5 2 same? 1
PAC 520

A% 2 1 same -

NS 1.8 2 opp -
MHC 544

A% Amplitudes too large

NS 2.2 3 opp .7

EwW 2.0 3 opp 1
wWMC 561

A% Amplitudes too large

R n " "

T 1" 1] L]
LON 575

v Second arrival not evident

NS " " n n

EW " L] n 1]
PND 597

A% 2 5 opp 1

R 2 4 opp 1

T 2 4 opp 1
VIN 614

A% No record

NS 1.5 6 opp -

EW 1.3 8 opp 1
HLY 835

\%

R




Table 3. (Continued)
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. Epicentral Time Interval (Post-P_)/P_ Ratios
Station and . n n
Instrument Distance after P, Amolitad First Motions Periods
" (KM) (SEC) pritude st otton
November 6, 1962
BKR 425
\% 3+7?
NS 3 + ? Recorded amplitudes very large
EwW 3+7?
wMC 632
\% 3.7 6 - -
R 3.3 - - -
T 3+7? - - -
HLY 698
A% 3.5 3 same -
R 4 9 - -
T 3.7 - - -
January 24, 1963
PTC 269
v 2.2 3 - -
NS 2.8 3 opp -
EW 2.7 4 opp -
PND 313
A% Amplitudes too large
R 147 - - -
T 1+7? - same? -
HLY 735
A% 1.7 - opp? .7
R 1.8 - opp? .5
T 1.8 3 same .7
MNA 593
A% 1 same 1
R 2 1 same 1
T 2 2 same? 1
wMC 768
\% 3 21/2 opp .7
R 3 21/2 same 1
T 2.5 - - -
December 27, 1963
LON 180
v Record not clear
NS 27 3 - -
EwW Amplitude too large
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Table 3. (Continued)

Epicentral Time Interval (Post-Pn)/ Py Ratios

slzlzzznm:zf Distance after Pn Amplitude First Motio: Periods
(KM) (SEC) P - i
SEA 237
\% 3? 2 same? -
NS Amplitudes too small
EW 1" " "
vic 329
\% 31/2? - - -
NS Amplitudes too small
EwW 3 2 - -
BLL 348
v 2.5 2 opp 1
NS Amplitudes too small
EW n " "
TON 454
A% 2.2 2 opp? -
NS Amplitudes too small
EW 2.1 3 - -
January 6, 1963
PND 541
A% Amplitudes too large
R 1? 22 - 1
T 1 10 opp 1
wMC 585
\% 1.5 8 - -
R 1.5 - -
T 2 2 - 1
LON 778
\% 21/2? 3/4 - -
NS 21/2 3/4 same -
EwW Second arrival not evident
January 27, 1963
BOZ 240
v Amplitudes too large
NS 31/2 11/2 - -
EW Amplitudes too large
HHM 466
\% 4? - - -
NS 3.5 11/2 - -
EW Amplitudes too small
LON 646
v 3.5 2 opp? -

NS 3 2 same -
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Table 3. (Continued)

Epicentral Time Interval (Post=P_)/P, Ratios
Station and . n A
[mst . Distance after Pn Amolitade First Motions Periods
m
rumen (KM), (SEC) prta ' i
Oceanic Shocks
October 14, 1962
PAC 214
A% Amplitudes too large
NS 3? - - -
EW 3 2 same? -
BRK 218
\% 4,5 4 opp 1
NS 4.5 . - - -
EW 4.5 - opp? 1
MHC 256
\% Amplitudes too large
NS 31/2 1 - -
EW 31/2 1 - -
VIN 316
A\ No record
NS 2.7 4 - -
EwW 1? 2 - 1
REN 374
\% 5 2 opp? -
NS 41/2 4 - -
EW 41/2 4 - -
wMC 631
\% 21/4 2 - 1
R 2 2 same? 1
T 2 2 - 1
PND 876
\% Second arrival not evident
R 1" 1 1" n
T " H 1] 11
BKR 881
A% 31/2 7 opp 1.3
NS Records not available
EW 1" n 1"
HLY 984
v 2.8 21/2 same? 1
R Amplitudes too small

T 21/2+ 7 11/2 - -
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Table 3. (Continued)

. Epicentral Time Interval (Post-P_)/P_ Ratios
Station and . D n .
Instru . Distance after P, Amplitude First Motions Periods
nstrumen (KM) (SEC) pli ir
June 25, 1963
SHS 669
\' 1.5 2 same? -
NS No records
EW 1 1
LON 629
v 11/2 27 same? -
NS Second arrival not evident
EW 1" " " 1"
PND 814
\" Second arrival not evident
R Amplitudes too small
T 1.6 2 opp? 11/2
WMC 996
\" 1.9 1 same -
R 1.9 11/2 same -
T 1.9 1 same -
HLY 1184
\'% 1.5 3 opp? 3/4
R 11/2 - - -
T 11/2 2 opp 3/4
August 22, 1963
SHS 350
v Second arrival not evident
NS " " " 1"
E‘W n 1 " "
ARC 217
\" 1.6 2 same -
NS 1.6 11/2 - -
EW 1.6 1 - -
MIN 427
A% 1.5 12 opp -
NS 1.5 - - -
EW 1.5 - - -
PAC 615
v Second arrival not evident
NS L " " n
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Table 3. (Continued)

Station and Ep.icentral Time Interval (Post-P,)/ P Ratios .
Instrument Distance after Pn Amplitude First Motions Periods
(KM) (SEC)
WMC 732
v 11/2 41/2 same? 1
R 11/2 - - _
T 11/2 - - -
HLY 993
v 11/2 - - _
R 11/2 - - _

T 11/2 7 opp? {
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SHORT- PERIOD VERTICAL SEISMOGRAMS RECORDED AT
WINNEMUCCA (TOP,455K) AND MINA (BOTTOM, 593K), NEVADA,
FROM THE JANUARY 24, 1963 EARTHQUAKE LOCATED SE
OF SEATTLE. DISTANCE AND AZIMUTHS TO STATIONS ARE:

WINNEMUCCA 768 KM I151°
MINA 1060 KM 167°

Figure 6. Seismograms displaying the apparent absence of the Pn phase.
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wave, beginning with the ”Post-Pn" wave and continuing for
more than six cycles. A subsequent out-of-phase correlation
continuzs for a time thereafter. It is also observed that while
the '""Post- Pn" waves are nearly identical in form at the two
stations, the Prl wave was observed at Winnemucca but ap-
pears to be absent at Mina.

On some records there seems to be two arrivals following Prl
and on other records a sequence of several arrivals is evident.
On some records the second motion on the short-period seis-
mograms seems to be coincident with the first arrival re-
corded by the long-period instruments, while on other records

the first arrivals on both the short-period and long-period

instruments are coincident in time.
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LIST OF HYPOTHESES

From the preliminary considerations, it is possible to set down
the following list of hypotheses concerning the origin of the second
motions observed on seismograms of Pacific Northwest earthquakes
as recorded in the Prl epicentral distance range.

(1) Instrumental effects.

(2) Large-angle, sub-Moho relfections.

(3) Signal-generated noise: coupling between surface waves and
body waves along with other effects of crustal inhomogenieties
near the station.

(4) Wave conversions by crustal discontinuities.

(5) Refracted waves following a slightly different path than Pn.

(6) Second source motion in terms of (a), multiple shocks or (b),
the stopping phase or the breakout phase.

(7) Reflected and/or converted head waves in the region of the
source or in the region of the station.

Each of the above hypotheses will be discussed separately in
an attempt to determine the degree of consistency between the experi-
mental observations and the theoretical consequences of each hypo-
thesis. Each section except the one dealing with instrumental efiects
will be followed by a summary of the consistency with the observa-

tions of the '"Post-P ' wave listed previously.

Y
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Some points requiring detailed calculations or discussion will
appear in the body of the section, while obvious or minor points may
appear only in the summary at the end of the section. In any event,
a descriptive term of evaluation along with a possible clarifying
statement will appear for each experimental observation as given in
the list of the previous section. Theterms and meanings usedhere are

as follows:

CONSISTENT: The theoretical predictions agree with the experi-

mental observations.

INCONSISTENT: The opposition of the theoretical predictions and

experimental observations tends to rule out the hypothesis.

QUESTIONABLE: Under fortuitous circumstances, the theoretical

predictions can be made to be either consistent or inconsistent

with the observations.

NO CONCLUSION: Either the observation is not pertinent or there is

no method of comparing theoretical predictions with the experi-

mental observations.
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INSTRUMENTAL EFFECTS

For the purpose of checking whether the Post- Pn phases are a
result of instrumental resonance, the dominant period of the signal
must be determined as a function of time. The technique used was
to consecutively number the peaks on the record starting with the Pn
phase and continuing through the last phase of interest. The arrival
time of each peak was plotted as a function of its phase number.
Two representative examples of the resulting curves are shown in
Figure 7, and the corresponding seismograms are shown in Figure
13. The slope of the curves in Figure 7 at any point is indicative of
the dominant period of the corresponding phase and is assumed to
represent the frequency component of the signal which determines
the instrument magnification. The dashed lines in Figure 7 indicate
the slope corresponding to the wave period for which the instrument
would produce a maximum amplitude response. The heavy lines
correspond to the wave period for which the magnification of the in-
strument would be 1/10 of its maximum value,.

It is seen that in each case the average period of ground motion
for the initial low amplitude portion of the seismogram is the same as
the average period of the later large amplitude portion. Thus, the

change in amplitude is not caused by instrument resonance, and as

several cycles of the record have a small amplitude, the cramping
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effect on the first half cycle cannot account for the amplitude dif-
ference. It is concluded, then, that the later motion must represent
a more energetic arrival than the first motion.

The cramping effect on the first half cycle of the signal could
become important where large amplitude motion follows very closely
behind small amplitude motion (Figure 8). An interpretation of a
second arrival is possible, however, if the character of the record
is such as to suggest an abrupt change. These cases require a sub-
jective interpretation. Experience with the more obvious cases
(Figure 9) has provided credence to the judgments used in this study.

A pendulum with a free period near one second acts as an ac-
celerometer to ground motion having a period of ten seconds or
longer. The possibility was investigated that short-period pulses
may be recorded by the short-period systems at times corresponding
to the passage of the maximum acceleration in the long-period ground
motion, These consideré,tions were investigated experimenfally by
direct comparison of short-period and long-period records of the
same earthquake. In the earlier portion of the records, where body
waves are present, large amplitude motion on the long-period re-
cords was accompanied by large amplitude motion on the short-
period records. In the later portions of the records, however, long-
period surface waves were not accompanied by comparable motion

on the short-period instruments. Thus, the phases recorded on the
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short-period records represent a portion of the existing signal spec-

trum and are not the result of a signal-instrument interaction.
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LARGE-ANGLE SUB-MOHO REFLECTIONS

As reflections from discontinuities within the crust cannot ac-
count for the observed short time delay of the phases following Pn’
the main concern in this section will be with reflections from dis-
continuities in the upper mantle.

The model is that of a hypothetical reflector in the mantle,
The mantle is assumed to be overlain by a one-layer crust, and the
geometry is as indicated in Figure 10. The seismic parameters are
considered to be constant within each layer, all of the segments of
the ray paths pictured represent dilitational waves, and d is the
distance between the Moho and the hypothetical reflector in the mantle.
For convenience, the source is considered to be at the surface of the
earth.

Figure 1l shows the time interval between the first arrival,
Pn, and the reflected wave as a function of epicentral distance for
four values of d. The curves constructed for this model were
based on simple geometrical optics, and the values of d were
chosen so as to display the effect of this parameter.

The curves of Figure 11 indicate that the range of observations
of the ”Post-Pn" wave iﬁ the Pacific Northwest region (i.e. epicentral
distances from 300 to 900 km and time intervals from 1 to 5 seconds--~

see Table 3) would require reflectors in the depth range of from 40 to
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100 km beneath the Moho. Before carrying these results any further,
the possibility of the existence of a reflecting discontinuity in this
depth range must be examined.

It is very unlikely that a discontinuity at a depth of from 40 to
100 km below the Moho could be described in terms of a sudden in-
crease in the seismic velocity with depth. Such a discontinuity has
not been described in the literature. In fact, Gutenberg (1959, p. 88)
concludes that: '...There is now a sufficient number of different
methods which, without exception, support the hypothesis that under
continents the velocities of longitudinal as well as of transverse waves
decrease beginning at or slightly below the Mohorovicic discontinuity,
and reach a minimum at a depth of between 100 and 200 km which
differs regionally.' On the other hand, there seems to be no evidence
which could be used to rule out the possibility of a reflector in this
depth range caused by a sudden decrease in velocity or velocity
gradients.

For a single plane discontinuity at a depth d below the Moho,
it is seen from Figure 11 that the time interval between Prl and the .
reflected wave decreases noticeably with increasing epicentral dis-
tance. The experimental results of Table 3 do not show such a sys-
tematic decrease. In addition, the fact that there is a scatter in the

observational results at a given epicentral distance is not consistent

with a plane discontinuity. This is true even if the depth of the
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source in the crust is allowed to vary or if more layers are added to
the crustal model, as the crustal segments of the Prl path and
reflected path are negligibly different. The above calculations also
hold when the upper mantle is assumed to have several plane reflecting
discontinuities (such as a stepwise decrease in velocity through the
low-velocity channel in the upper mantle), as the uppermost dis-
continuity would always produce the first large-angle reflection to be
observed on seismograms.

The possibility that the Post-Prl phases can be explained by a
single sub-Moho reflector with large topographic features poses a
more difficult problem. A range of time intervals between Prl and
the reflected wave could be found because the point of reflection may
be at a different depth below the Moho for different positions of the
source and station, even though the epicentral distance may be the
same. On the other hand, the relative directions of first motions
for Prl and Post- Pn should not change with azimuth if Post- Pn is
a reflected wave. That is, if the upper region of the low velocity
layer is the ''reflector, ' the Post- Prl first motions should always be
opposite to the Prl first motions.

Although the first motion data are considered to be reliable,

they will be ignored for the moment in an attempt to determine the

type of topographic features which are required to explain the ob-

served time intervals by these reflected phases. Figure 12 was
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constructed using only those earthquakes and stations which, in the
authors opinion, most clearly exhibit large amplitude second arrivals.
The circles of Figure 12 are the midpoints of the epicentral distance
and would approximately represent the reflection points for the waves
being considered here. The numbers give the depth beneath the Moho
in kilometers to the reflection points, as determined by interpolating
Figure 1l using the observed time intervals. The results are not
inconsistent, and a discontinuity whose geometry is similar to that
indicated in Figure 12 could account for the observed second arrivals.
The topographic features indicated in Figure 12 are rather extreme

if the low-velocity layer is considered to be a thermal phenomenon,

Summary
1. Consistency with the observed time intervals between Prl and
Post-P .
n
QUESTIONABLE

2. Consistency with the observed amplitude ratios of Post- Prl to

P .

n

NO CONCLUSION

3. Consistency with the observed average periods of Pos'c-Prl and
P .
n

INCONSISTENT: The apparent period of a body wave should al-

ways be shorter than the apparent period of the head wave that it
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generates for the transient pulses observed on seismograms
(head waves have a time dependence which is the integral of that
of the body wave).

Consistency with the observed relative first motion of Post- Pn
to P .

n
INCONSISTENT
Consistency with the observed change in character of seismo-
grams with azimuth.
INCONSISTENT: As the initial segment of the Pn ray path is
nearly identical to that for the reflected ray path, a null direction
for Pn energy would also be a null direction for the reflected
ray.
Consistency with the observation of several second arrivals.
QUESTIONABLE
Consistency with the observed discrepancy of the initial motions
of short- and long-period seismograms.

NO CONCLUSION
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WAVE CONVERSIONS BY CRUSTAL DISCONTINUITIES

The predictable characteristics of second arrivals produced by
the partitioning of upcoming seismic energy towards the station be-
tween the transmitted compressional and shear waves can be com-

pared to the observational data without a lengthy discussion.

Summary

1. Consistency with the observed time intervals between Prl and
Post-P .
n
INCONSISTENT: The time interval between the parent wave and
the converted wave would be a constant for a given station for all
shocks.
2. Consistency with the observed amplitude ratios of Post-Prl and
P .
n
INCONSISTENT: The amplitude of a converted wave compared to
the parent wave would be a property of the station and not of the
earthquake. See Figure 13 for an example of changes in the time
intervals and the amplitude ratios for Prl and Post- Prl from
several shocks recorded at the same station.
3. Consistency with the observed average periods of Post-P and
n
P .

n

CONSISTENT: A converted wave should have the same time
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dependence as the parent wave.
Consistency with the observed relative first motion of Post-Prl to
P .

n
INCONSISTENT
Consistency with the observed change in character of seismograms
with azimuth.
INCONSISTENT
Consistency with the observation of several second arrivals.
INCONSISTENT: The same sequence of converted waves would be
present on all records at a given station.

Consistency with the observed discrepancy of the initial motions

of short- and long-period seismograms.

NO CONCLUSION




SIGNAL-GENERATED NOISE

Particle-motion diagrams were constructed for the purpose of
determining the character of the ground motion which produced the
second phases on the seismograms. Records were selected which
had the most favorable signal-to-microseism ratio, and the three
components of the earth's vibration were digitized by laying a trans-
parent grid directly over the seismograms. As the seismographs
record time fiducials simultaneously on all three components, the
grid could be placed on the three different records with sufficient
accuracy to insure simultanaiety of the three sets of digitized data.
A digitizing interval of 0.05 second was used.

As the microseismic activity is seldom negligible and as the
zero-level of the trace on the seismogram is somewhat arbitrary,

a simple vector addition of the two horizontal components is not
adequate for determining the total horizontal motion. This can be
seen by referring to Figure l4(a) where points A and B would repre-
sent nearly zero horizontal displacement for the rectilinear vibra-
tion resulting from the earthquake signal. The slight departure from

2 2 2
rectilinear motion causes the value of (N + E )1/

for point B to
be much larger than that for point A, This results in a rather er-

ratic diagram when the vertical data are plotted against the total

horizontal component calculated in this manner. Therefore, a




ASSUMED VIBRATION DIRECTION

EAST EAST
—> SAS

(a) (b)

HORIZONTAL - PLANE PARTICLE MOTION

Figure 14. Determination of the total horizontal motion by vector addition and by the assumed- o~
vibration-direction method. NS
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direction of vibratipn was assumed in the horizontal plane as shown
in Figure 14(b), and the component in this direction was used as the
total horizontal component.. MThis procedure was carried out manually
by first plotting the digitized data from the horizontal instruments
and aligning the x-axis of an overlay grid with the assumed vibration
direction. The horizontal component of motion was then read as the
x component of each point.

Vertical plane particle motion diagrams were constructed by
plotting the digitized data from the vertical seismograms against the
simultaneous total horizontal component as determined by the as-
sumed-vibration-direction method. Examples of the resulting verti-
cal plane diagrams are shown in Figure 15. The diagrams show that
the Posi:--Pn phase has the same apparent angle of emergence as the
Pn phase, and that Pos’c-Pn arrives with the vibration of a com-
pressional wave rather than that of a surface wave or a shear wave,
It was characteristic of the diagrams to become very complex a few
seconds after the onsets of the arrivals.

A particularly puzzling phenomenon was observed when the
particle motion diagrams in the horizontal plane were continued for
several seconds. It is expected that the horizontal vibration would
be somewhat rectilinear and along the azimuth from the source to the
station prior to the time of arrival of the shear waves from the

source. This follows from the concept that the ray paths lie in a
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vertical plane passing through the source and the station. The

‘compressional vibrations would lie wholly in this vertical plane, as

would any vertically polarized shear waves, SV waves, resulting from
P to S conversions by horizontal discontinuities under the station.

Of course, P to S conversions from dipping discontinuities could
produce horizontally polarized shear waves, SH waves, but the SV
component should always be present. Thus, any pulse of pure SH
motion would not be expected before the arrival time of the direct S
wave from the earthquake.

The horizontal ground motion of the January 24, 1963 earth~
quake as recorded at WMC (768 km epicentral distance) is shown in
Figure 16. It is seen from Figure 16(a) that the initial ground motion
is along the direction from the source to the station. The initial |
motion is rectilinear to the extent that deviations can be accounted
for by the existing microseismic noise. In Figure 16(b), the depar-
ture from rectilinear vibration is now greater than can be accounted
for by microseismic noise, but perhaps it can be explained by some
SH contamination produced by dipping interfaces. In Figure 16(c),
however, the ground motion becomes nearly rectilinear in a direction
transverse to the source-to-station azimuth. The arrival time is
much too soon for this motion to be the result of SH waves from the
source. The subsequent motion [Figure 16(a)] becomes very compli-

cated, The reasons for these departures from the expected
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vibration direction are unknown. These observations will be men-
tioned further in the next section and in the discussion section.

Returning to the considerations of signal-generated noise, the
particle-motion diagrams show that the first large amplitude second
arrival seems to have the same vibration azimuth in the horizontal
plane and the same apparent angle of emergence in the vertical plane
as the Prl wave. The character of the second arrival is that of a
P wave rather than that of a surface wave. These results indicate
that the assumption of inhomogenieties under the station producing
converted, scattered, or reflected energy is not required to explain
the Post- Pn phase. As the particle-motion diagrams quickly become
complex, these conclusions cannot be drawn for the third and later

phases.

Summary

1. Consistency with the observed time intervals between Prl and

Post-P .
n

INCONSISTENT: This hypothesis would require the time interval
to be a property of the station rather than a property of the
earthquake,

2. Consistency with the observed amplitude ratios of Post-—Prl to Pn.
NO CONCLUSION

3. Consistency with the observed average periods of Pos'c--Prl and Pn.
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NO CONCLUSION
Consistency with the observed relative first motion of Post- Prl
and Pn.
INCONSISTENT: This would be a property of the structure under
the station and would be the same for all earthquakes.
Consistency with the observed change in character of seismograms
with azimuth.
NO CONCLUSION
Consistency with the observation of several second arrivals.
QUESTIONABLE
Consistency with the observed discrepancy of the initial motions
of short- and long-period seismograms.

NO CONCLUSION
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REFRACTED WAVES TRAVELING MODIFIED PATHS
FROM THAT OF Prl

As the Prl wave is considered to travel within the mantle
near the crust-mantle interface along the source-to-station azimuth,
it is necessary to consider the possibility that seismic energy may
travel by slightly different paths in either the vertical or horizontal
planes,

Because the observed time interval between Prl and Post-Prl
is independent of epicentral distance, Po st-Prl cannot be explained
as an additional refracted wave in the vertical plane. The possi--
bility of different refraction paths in the horizontal plane were
brought into consideration by the horizontal particle-motion diagrams
of the preceding section, which indicated rectilinear motion along
azimuths other than the source~to-station azimuth. The results of
numerous refraction surveys have shown that horizontal gradients
exist for both the average crustal velocity and the Pn velocity.
These horizontal gradients (whether they are considered to be uni-
form velocity gradients or differences in velocity between adjacent
crustal blocks) could result in different horizontal refraction paths,
just as a vertical velocity structure can result in different vertical
refraction paths.

Without detailed knowledge of the velocity structure of the
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crust and upper mantle, it is difficult to evaluate the significance of
horizontal refraction. The data presented by James and Steinhart
(1966), however, indicate that horizontal velocity changes in the
Pacific Northwest states are not large, and would allow for only very
small angle refractions in the horizontal plane. Thus, as first
motions should always be the same for refraction paths which differ
only slightly, the data indicate that Post- Prl is not produced by hori-
zontal refraction. In addition, the time interval between Prl and
Post-Prl does not display the dependence upon epicentral distance
which would be expected if different horizontal refraction paths were

involved.

Summarx

1. Consistency with the observed time intervals between Prl and
Post-P .
n
QUESTIONABLE
2. Consistency with the observed amplitude ratios of Post—Prl to
P .
n
NO CONCLUSION
3. Consistency with the observed average periods of Post- Prl and
P .
n

CONSISTENT

4, Consistency with the observed relative first motion of Post-Prl
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to P .

n
INCONSISTENT: The relative first motions should always be
the same for paths differing only slightly.
Consistency with the observed change in character of seismo-
grams with azimuth.
QUESTIONABLE
Consistency with the observation of several second arrivals.
QUESTIONABLE
Consistency with the observed discrepancy of the initial motions

of short- and long-period seismograms.

NO CONCLUSION




SECOND SOURCE MOTION

The multiple shock concept can be used to explain numerous
phases when one is studying a limited portion of an earthquake seismo-
gram. For example, if a definite sequence of arrivals is observed
within the first ten seconds on seismograms from the same earth-
quake along different azimuths, it could be assumed that separate
pulses were emitted at the source. Furthermore, if the sequences
of arrivals were different on seismograms recorded along different
source-to-station azimuths, then the assumption could be made that
a second source exists which is displaced in space as well as in time
from the initial source.

Under certain fortuitous circumstances, it may be possible to
check the above assumptions directly, but in areas such as the Pacific
Northwest the requirements on earthquake magnitudes and station
magnifications would rarely be met by the few seismic recording
installations available. Therefore, for the purpose of predicting
realistically observable effects of true second source motion, it is
necessary to develop a more specific model of the events occurring
in the focal region.

There seem to be no a priori arguments which can be used to
predict the time intervals between the initial disturbance at an

earthquake focus and subsequent emission of seismic energy from the
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focal region--whether this second motion is considered to be the
result of varying frictional effects on the fault surface, triggering of
neighboring points of stress concentration by stress changes resulting
from the initial disturbance, the passage of a newly forming fault
surface through regions of differential structural characteristics,
interference effects of continuous radiation from all points on a fault
surface with finite slippage duration, or any other failure mechanism
which could produce acoustic radiation shortly after the initial dis-
turbance.

It does not seem unrealistic to assume that any second emis-
sions (with amplitude comparable to the initial disturbance) would
have radiation patterns similar to that of the initial disturbance,

This assumption is based upon the concept that the radiation patterns
are governed by a combination of the regional stress pattern and
local tectonics which could not differ significantly for associated
disturbances occurring within a few seconds of each other, Indeed,
focal mechanism studies for localized areas display a similarity in
the radiation patterns of shocks of comparable magnitude separated
in time by hours, days and even months (see, for example, Udias,
1965 or McEvilly, 1966). Thus, as multiple source motions would
have similar radiation patterns, this explanation of Post- Prl would
not account for the observed azimuthal changes in the amplitude ratio

of Post- Prl to P or the observed azimuthal changes in the relative
n
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directions of first motion of Pos'c-Prl to Pn. In addition, a second
source motion of energy comparable to the initial disturbance would
produce a duplication of all phases on the seismograms. This dupli-
cation of all phases did not appear to be the case for the records

studied.

Summary

1. Consistency with the observed time intervals between Prl and
Post-P .
n
CONSISTENT
2, Consistency with the observed amplitude ratios of Post-Prl to
P_.
n
CONSISTENT
3. Consistency with the observed average periods of Po st-Prl and
P .
n
NO CONCLUSION
4, Consistency with the observed relative first motion of Po st-Prl
to P .
n
INCONSISTENT: The directions of first motion would be the
same at all azimuths for true second source motion and for the

breakout phase, and opposite for the stopping phase.

5. Consistency with the observed change in character of seismo-

grams with azimuth.




77
INCONSISTENT: The amplitude ratios of the first and second
arrivals should be the same for all azimuths as the radiation
patterns for the sources are assumed to be the same under this
hypothesis.
Consistency with the observation of several second arrivals,
CONSISTENT in part: The stopping phase and breakout phase
could account for only one second arrival, but any number of
true second sources could be hypothesized.
Consistency with the observed discrepancy of the initial motions

of short- and long-period seismograms.

NO CONCLUSION
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REFLECTED AND/OR CONVERTED HEAD WAVES

The provisional identification by Dehlinger and French (1965) of
the sPn wave leads to a consideration of all waves which travel from
source to receiver as dilitational head waves associated with the Moho.
A simple model of a single-layer crust overlying a uniform mantle is
used here to predict the gross effects caused by the more detailed
velocity-depth structure of the real earth.

Ray paths for the waves to be investigated are shown in Figure

17. The symbols Pl and S, represent compressional and shear

1
waves, respectively, in the crustal layer. P2 represents the head

wave associated with the Moho. The symbols { and | indicate respec-
tively whether the initial segment of the ray path is towards the surface

or the Moho. The actual directions of the segments { Pl, P, ¢S

1 i
and | Sl depend upon the seismic velocities.

The first wave to arrive at a station will be the lPlPZPl wave,
the conventional Pn wave. The other waves shown in Figure 17
arrive after Pn at time intervals which are independent of the
epicentral distance and depend only upon the focal depth for a given
crustal model. Using geometrical optics, the time intervals between
Pn and the other waves can be calculated as a function of focal depth.

Figures 18to 23 display calculated delay times after Pn for one-layer

crustal approximations applicable in each of the three provinces in
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the Pacific Northwest states and for combinations of a source in one
province and a station in another. The dashed curves correspond to
waves which should be recorded on the seismograms. The solid lines
represent waves which will be shown later to have insufficient energy
to be recorded. Table 4 was constructed from Figure 22 for a source
west of the Cascade Range and a station east of the Cascades. The
table gives the sequence of arrivals and time intervals corresponding
to four focal depths.

Some of the waves listed in Table 4 arrive within the time inter-
val of the observations of the Post—Prl wave., Furthermore, a sequence
of arrivals is indicated and the order of the arrivals depends upon
focal depth.

The question arises whether any of these waves carries suffic-
ient energy to be registered on a seismogram. It is therefore neces-
sary to investigate the amplitude considerations of these head waves.

The problem of solving the wave equation subject to the cond:i-
tions of a time dependent source imbedded in an acoustic layer overlying
a half-space is quite formidable. Fortunately, the results of published
theoretical analyses of head wave propagation (Newlands, 1952; Heelar,
1953; Brekhovskikh, 1960) can be applied here, Most theoretical
treatments deal with the acoustic fields within two half-spaces in

welded contact. The seismograph, on the other hand, registers the

motion of the earth's surface so that the effects of the interaction of




Table 4. Sequence of head wave arrivals for a source located in the crust west of the Cascade Range
and a station located east of the Cascades. Crustal parameters given in Figure 5. (h is
the focal depth of the earthquake in kilometers. T is the time interval in seconds that the
listed wave arrives after Prl (‘P P.P)

17271
h=5 h =10 h =15 h = 20
Wave T Wave T Wave T Wave T
1p1p1p2p1 1.0 1Plplpzpl 1.9 lslpzpl 1.3 lslpzp1 0.5
S,P P,P 1.8 Is PP 2.0 P P PP 2.9 'Plplpzpl 3.9
lslpzp1 2.8 1slplpzp1 3.5 1slplpzpl 5.3 lplpzs1 6.3
P S PP 4.5 fplslpzp1 5.5 ‘Plpzsl 6.3 Is P,s, 6.8
s/ s P,P, 5.3 lplpzs1 6.3 1plslpzp1 6.5 fslplpzp1 7.1
P P,S 6.3 1slslpzp1 7.1 Is P.s 7.6 1plslpzp1 7.5
tplplpzs1 7.3 'Plplpzsl 8.3 fslslpzp1 8.8 1plplpzs1 10. 3
tslplpzs1 8.1 lslpzs1 8.4 Tplplpzs1 9.3 fslslpzp1 10.6
Is P,s, 9.1 s P P,s, 9.8 ts P P,s, 11.6 'slplpzsl 13. 4
P S PS 10.9 1plslpzs1 11.8 tp s P,s 12.8 'Plslpzsl 13.8
s s, P,5, 11.6 s,s, P8, 13. 4 'slslpzsl 15,2 s, P,s, 17.0

L8
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the free surface with the incident waves must be taken into account.

The point source problem has not been caried to the extent of
providing a theoretical description of all the individual waves shown
in Figure 17. Newlands (1952), however, has carried the solution of
the line source problem to this end. In the following, Newlands'
calculations will be briefly reviewed and extended to obtain numerical
values for the relative amplitudes of the waves in Figure 17. The
applicability of these results to earthquake seismograms will be

discussed later.

Newlands' Theory for a Line Source

Newlands' model (Figure 24) consists of a line source S and
receiver R within a solid layer of thickness H, having a free upper
surface and a lower surface in welded contact with a solid half-space.
The compressionsal and shear wave velocities in the layer are a,
and P 1 respectively, The corresponding velocities in the half-space
are a, and ﬁz . Using the coordinate systemishown, the source is
at (O,h), the receiver at (x,z), the welded interface at z = H, and
the free surface at z = 0. The figure extends to infinity in the y-
direction, perpendicular to the paper.

In the case of a line source, the wave equations to be solved
for the two displacement potentials in each layer can be written as

follows;
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Figure 24. Newlands' model of a line source in a one-layer crust.
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where q=1, 2 for the layer and half-space respectively. The particle

displacements U and W inthe x and z directions are given by:

9 9
U - —?—‘1 + Y
q ax 0z
(2)
od 9
W = q - _.i
q 0z 0x

If the x, y and z axes are indicated by 1, 2, and 3, the general
. . th . . .
expression for the stress Pi' in the j direction acting on a plane

th
perpendicular to the i axis is given by

0, i#j
P, =\ 0665 + €.. , 6., = {7 (3)
1) qQ q 1) 2“q 1) ij 1, 1=J}

where )\q and p  are Lame's constants for the layer or half-space

ou, ou.

2
(q=1, 2), 8 =vd , e =i(—+ —)y, U =U, U_=V, U_=W,
q q’ i 3 i 1 2 3

1 2 0X 0xX

X =X, X =Y, andx = z,

The solutions of Equations (1) are subject to the six boundary
conditions that the normal and tangential components of stress vanish
at z = 0 and that both the normal and tangential components of dis-
placement and of stress are continuous across the interface z = H.

Newlands represented the source of compressional waves as a

uniform radial expansion of the line source and the source of shear
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waves as a counterclockwise twist of the line source (pure SV radia-
tion), with the time dependence of both being a Heavyside step function.
By placing an image source at the point (0, -h) and requiring
that the potentials decrease with depth in the half-space (no sources
at infinity), Newlands solved equations (1) in cylindrical coordinates
for the steady state time dependence eiwt and expressed the solution
in cartesian coordinates by using in integral relation of Lapwood
(1949). Newlands' solutions for the potentials in the two media for

an initial P pulse are:

-(z-H)\ (z-H)\
iwt (7, “1 *1
¢1:—4e S [ F(L) - Ae - Be ]cosxf;df;
0
-xa zsinh,h)\a
1 e 1 L s h<z<H
1N -~
%1
F() = (4)
—)\a hsinhz)\a
RE L o<o<n
1
-(z-H)\ -H)\
» @M eHR
by = 4e S. [ Ce + De ] sinx{¢ dg
0
~(z -H)x
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-(z-H)\
iwt B
b, = 4e'® g Qe sin x ¢ d¢
0
2 2 3 2 2 L 2 2 L
where X\ =(¢ -R )%, =(¢ -R, )2, =(¢t - R” )2,
e % By By ‘2 “2
A ‘(QZ R2 )% R =u/a R, =w/p R =w/a R, =
= - , = , = , = , -
Pa Pa 1 LBy L e, 27 P,

w/[.’)z » and { 1is the integration variable required for Lapwood's
integral representation of a cylindrical wave in cartesian coordinates.
For mathematical definiteness, the \'s were chosen so that R(\) > 0.
Substitution of these potentials into the six boundary conditions
leads to a set of linear equations which can be solved to express each
of the six coefficients A, B, C, etc. as the quotient of two 6x6 deter-
minants. Newlands denoted the system determinant by Ap and the

other determinants by A,, A_, A_., etc. such that A = AA/A , B =
P

A" B C
AB/Ap, etc. . Then, by partial expansion of the 6x6 determinants, the
values of Ap, AA, AB , etc. can be expressed as functions of the

following 4x4 determinants.

-Z A -¢ -\
By P2
“a, -t o -t
& = M p
24N (2t -R%)  2n -2 (25.R%2 )£
* By %2M Byl
2 2 : B b
(287 - Ry ) -z.f,x.ﬁl (242 . g% )12 20, 2
* Pa 2t
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-t -\ -\ N
|3l [31 [31
Yo, -t -t -t
T = V =
2 2 ’ 2 2 2 2
-2\ (2¢ -Rﬁ ) . (2¢ -Rﬁ) (2t -R‘3 )
1 1 1 1
(z.LZ-R; ) 2 N 5 2 ¢\ 6 -2 5
1 1 1 1
(5)
-¢ Y
By
_\al -t
R TSN CIES
1 1
(ZQZ—RE ) [N B
1 1
-g -g -g A
Bl
-\ A -\ -t
1 1 *
Y = =
2L\ -2 ¢\ w 2 ¢\ (2.(_’,2-R2 )
0.1 0.2 0.1 [31
2 2 .2 2 2 2
(2t -RFi y (2t -RFa ) .. (24 .R‘3 ) -zgxﬁ
1 1 1 1
The last two colums are identical for all the determinations.
In particular Ap can be expressed as
HN N { -2H\ ' {-H(. )
(A ay ﬁl)J/ o ‘31} v oy ( o B
Ap = e 8L+ —e + - e '

S! S




! - ' 2 _2 ' 2 2
S =FS T =-FT V =40 (2 -RB)V, Y = -4@\F3 (2% -RF3 )Y,
W osFW, U = FU, F(Y)=(267-Rg )7 -4t ng o, Ft) =
2 2 2 2 1 0‘1 Bl
(27 - R, ) +4L N The remaining quantities A , A_, ... ,
(31 a, (31 A’ B

AQ have similar forms and consist of a sum of terms, each of which
is a function of the determinants T, V, ... , S times an exponential
term which is some linear form of h, z, and H. Using relation (6),

1/Ap can be expanded in an infinite series of exponentials, provided

that the sum of the second and later terms in the parenthesis of (6)

is less than unity. Subsequent multiplication of this series for 1/A

by A  leads to a representation of the coefficient A as in infinite

A
series of exponentials multiplied by a function of T, V, etc.
Similar series representations can be found for each of the other
coefficients. This proceedure is known as the Bromwich expansion
method; it yields the result that each term in the series for the
potentials can be interpreted as a different kind of seismic pulse.

Newlands used the following form for the Heavyside step

function.

(7)
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where @ is the line parallel to the real axis in the complex w-plane,
from -oo-ic to teo-ic, or any equivalent contour. Since the differential
equations for the potentials are linear, the above steady-state solu-
tions for ¢ and § can be used to construct solutions for the time

dependent source given by Equation (7). Thus, Newlands obtained

®(x,z,t) = —L 1 ¢ (x,2, w) elwtdw
ZTI'I Q w
(8)
_ 1 l iwt
yix z,t) = ey qu(x,z,w)e dw

where & and W are the solutions of Equations (1) for the time
dependence given by (7). Equations (2) with ¢ and { replaced by
® and W respectively, along with Equations (8) constitute the com-
plete formal solution to the problem for an initial P source with a
step-function time dependence. The formal solution for the case of
an initial S source can be carried out in a parallel manner.

As the interest here is in numerical values of head wave
amplitudes, it is necessary to continue with Newlands®' approximations
to the integrals in the { - and - planes and to carry out the expan-
sions which she indicates symbolically. Also, the mathematical
approximations used in the evaluation of the integrals must be inter-
preted in physical terms so that the applicability to earthquake seismo-
grams can be determined.

Newlands carried cut the w-integrations without particulax
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difficulty, butthe {-integrations of Equations (4) require attention
to detail. The integrations shown in Equations (4) are along the real
axis of the {-plane, but the contour was distorted in evaluating the

integrals. Since each term in the series expressions for the poten-

tials is a functionof X, A _ , X , and » _, , branch cuts must be
a P a P
1 1 2 2
made in the {-plane to insure single valuedness of the integrands
2 2 3 .
(recall that X\ 0 (¢ - Ro. )2, etc.). There are also poles in the
1 1

integrands, but Newlands demonstrated that the contributions from
the poles represent Rayleigh and Stoneley waves, which are surface
waves that are not of interest here. For a given value of « there
are four branch points to consider: R , R, , R , and R, .
a P a P

1 1 2 2
Newlands used the Sommerfeld contour distortion for the integrations
with the result that the integration along the real axis can be express-

ed as the sum of branch line integrals plus the contributions from the

poles. The resultant integration paths for a given w are shown below.

1)
R(t)

A




The restriction has been made that R(A\) > 0 so the branch

lines were chosen to be the lines corresponding to R(\) = 0.
Upon substituting the infinite series representation of the co-
efficients into Equations (4), it is seen that a general term for the

¢ series corresponding to the contribution from ra is
1

{-igx -hlxal-hzx 5,
¢ = S G(g)e dg (9)
P r
%1

where the subscript p indicates that the solution is for an initial
compressional source; h1 and h2 are linear forms in h, z, and H;
and G({) is some algebraic combinationof T, Y, S, W, F and F.
Newlands has shown that by manipulation of the ( - plane contour of
Equation (7), the exponential factor of Equation (9) can be made to
vary much faster than G({). Then, as the imaginary part of ¢
becomes more negative upon receeding from R(1 on 1"(1 and as
1 1

X can be chosen large compared to h1 or h2, the main contribution

to the integral (9) comes from the neighborhood of ¢ = R(1 . Upon
. 1
t
inserting the time factor e , the exponent in (9) becomes approx-

imately exp(iwt - iR(1 x), which is seen to represent a wave traveling

1
most of the distance from source to receiver with velocity .

Parallel arguments can be made for 1“(1 ) 1"[3 , and 1"[3 » and it is
1 1 2
concluded that the paths shown in Figure 17 (for which most of the

distance from source to receiver is traversed with velocity az) are
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contained in the contribution from T

)

Newlands introduces a new variable, u, measured along I°
a
2

such that A\ a = +iu on the left side of the branch line, X\ a = -iu
1 2
on the right side of the branch line and u = 0 is the branch point

Ra . The functions composing G({) in Equation (9) are then expand-
2
ed in terms of u. For example,

+, left side of cut

(-, right side of cut

Tionr ) (TOiiuTl)(onI“a) )

*2 2
where higher order terms in u are neglected and T0 and T1 are
independent of u. Similar definitions of zero and first order terms
in u are made for S, V, Y, W and U. Using these approximations,
Newlands was able to carry out the { - integrations on 1“0‘2 (expressed
in terms of the new variable, u).

For the purpose of numerical calculation, it is necessary to
determine the explicit expressions for the quantities which Newlands
denoted by TO, Tl’ SO’ Sl’ etc. . To this end, the factors in the
determinants S, T, V,Y, W and U must be expressed as expansions

in terms of the variable u. From the definitions given in Equation

(4) and from the definition of u, it is seen that

L, 2
)2 £ R -u /2R
) 1 o) %2
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1
2 2 .2 2
N, = @T-R7) 2R +u" /2R )
P
1 1 alaz alaz
N = t% - r? )% 2 i(R +u2/2R )
3 By TS R
12 1 2
2 2 L 2 2 L
where R =(R- -R )% and R = (R - R )2
a e~ B a
ads 1 2 Blaz 1 2

The simplifying observation can be made that there will be no
quotients of differences of the above terms in the Laplace expansion
of the determinants in Equations‘(S) (i. e. quadratic and higher order
terms in u will not be reduced), so that the u2 terms can be immed-

iately dropped and ¢, X\ and \ 8 can be considered as independent
1 1
of u in the first approximation. Furthermore, Equation (5) show

that \ . 2ppears only linearly and only in the third colum of each
2

determinant. Thus, a simple Laplace expansion on the third column

along with the substitution \ = * ju gives the desired zero and
a
2
first order terms directly. In order to carry out the w integrations,

Newlands redefined SO’ S, T U. to make them independent

| O |
of « and dependent only upon the properties of the two media. This
. n n .
was done by factoring Rc1 T w /a2 out of each determinant where
2
n is equal to the power of  appearing in the original determinant.
As only the frequency independent quantities were used from this

point on, Newlands retained the same notation for the frequency

independent terms without resulting confusion. The above outline
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was used to find the explicit expressions for the normalized deter-

minants and the results are as follows

io.2
R -1 -1
N
“1%
~-2ia -
- z @ 2 2
S, = - - -
U 2oy /By (2may/Bw /iy
a.a
172
2 2/ B - ke’ Eii% /
0’2 1 f\ f\ HZ P].
192 2%2
-1 1(12 -j.O.Z
B.as  B.,ay
1%2 1%2
2 i
a [ a,
_(2_—%)—2 —_— -1 -1
po ™M1 | Tax
2 177
-ia Cl.ld 0-2 i
. 2 2
2 - —= (2 -—=)u /
o Bl gt 2N
12 1 2
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1 10.2 -10.2
P s
Bio; B,
214" 2 2
e, %2 2 ¥2
S. = 2- — (2 -—) —
“1%2 1 2
2 2i 2ia
S z "2
- > e gy
By Bios Bz“zlﬁ
B, BLe
1%2 2%2
L ia _ }
+ 2_2 2 1 1
[ /\
1 0.10.2
2 2 21
, a_2 - 2ia, 10.2 p,—z
By Bios Bao, 1
where
“a.a> = (1/(12 - 1/0.2) "z
1 2 1 2
T~ 2 2 -%
N B 2 2 _%
Now, if SO 1 SO 5 S1 1 and S1 , are defined to be the four deter-

minants respectively in the above expression, and if the notation is

adopted that given a determinant A, the expression | aij’ a etc. | A

k1’

means to change the algebraic signs of the factors aij’ g etc.
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in the determinant A, then

2, 2
0 'So,l'(2"“2/52)(“2Aﬁ)so,2
Sp T 517 2(““2/““1)81,2
S (2 2/ 3 / S

o ° Layy 218y 1 - (2-a,/B)u/m)lay), ag)l 0,2
W, = [a21]s1,1+ 2(u /w2y 512

s 2 - a%/8%) (/i) s
o = “lagp) Sy ) - (2-a,)/B)) (hy/w)la,] 0,2

H

T, = [alz’a32]sl,1+ 2(u /)2y 50 as,l S

.2
U = -|a a a,,]S -(2-0.2/{32)(“/ )N a a a, ]S
0 11’ %21 232! Pp,1 2/ Follta/ il a5y 8315 315195, 2
Uy = [ay 2y a32]81,1*'2“b/ﬁ)[a2r a12’a32]s1,2
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-1 -1 -
1(12
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2 2
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+ (2 - _.2_) 2 2 < -1
}.L T T
[32 1 0.10.2 0.10.2
2 2i 2
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Newlands provided a table giving the expressions for the poten-

out the w- and (- integrations for 40 of the terms in the infinite

tials and corresponding displacements which resulted from carrying
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series representation of Equations (4). The explicit expressions for
the various determinants derived in Equations (10), along with New-
lands' displacement equations (see Appendix I for those of interest
here) provide a basis for the numerical evaluation of head wave
amplitudes. Before doing so, however, ray paths must be associated
with each term in the series representation of the potentials. New-
lands' method of labeling the terms will be followed here. A pre-
ceding subscript p or s represents respectively a compressional
or shear wave source; the following subscript a., indicates that the

2
terms considered here are contributions from the branch line ra ;
2

the potential from which the term was taken is represented by ¢
or { and indicates whether the station arrivalisa P or an S wave,
respectively; a following superscript was used by Newlands simply to
represent the numerical order of appearence of the term in her series

. . 6 N
expansion for the potentials. Thus pcbcf ) represents the contribution

2
from the I‘a integration of the sixth term in her series for the ¢
2

potential from a compressional source. This label, along with the
apparent travel time of the pulse as seen directly from the time
dependence of the displacement equation (Appendix I), identifies the

ray path.

Consider the three terms pictured below.



As z —~0 (which is allowed in Newlands' theory), the travel-times

for the three terms shown approach the same value., All three terms

correspond to parts of the Pn wave as observed on the surface of

the earth. 1:)<1>((16) represents the incident wave, while 1:)<1>((18) and
2 2
qJ(S) represent the reflected compressional and shear waves, re-

p a,

spectively. The surface displacementrecordedby a seismograph
will be the vector sum of the displacements from these three terms.
Similarily, each of the 12 ray paths shown in Figure 17 will be the
result of combining three of Newlands' potentials. Construction of
Table 5 was therefore necessary, a;nd the table gives the terms which
must be combined to describe each ray.

The Bromwich expansion method applied to a one-layer crust

combines waves with the same travel-times due to the fact that their
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Table 5. Combination of potentials required for the total displace-
ment when the receiver is at the free surface.

Ray Incident (P, S) Reflected P Reflected S
(6) (8) (8)
lpIPZPI (Pn) pq)az p¢a2 p¢a2
(4) (4) (5)
lPIPZPI pdﬁaz p¢a2 p¢a2
(6) (2) (8)
lSIPZSI s ljJa ¢ a s ljJa
2 2 2
(4) (6) (4)
481P2P1 S¢a s<|>(l sll»‘(1
2 2 2
(7) (9) (9)
tP P PP (pP)  po_ pé p¥,
2 2 2
i (6) 1 (5 (7) rfirst
PIPIPZSI plpa qu)a p¢a <term}
2 2 2
t (3) 1 (5 7) first
P15 PP pe a, 2P ¢ o, <term>
y (2) (2) (3)
PS5BS p¢a2 pq’az P ¢a2
(8) (9) (2)
tSlplpzpl (sP ) Sq’az Sq’az Sq“az
(3) (7) rsecondy 1l  (5)
tSIPIPZSI s an s¢ o} term ZS LlJa
2 2 2
(5) first
tSlSIPZPI ¢ az term) 2
| (7) (3) (9)
55,525 ¥, s, s¥,

2 2 2
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exponential terms are identical. These combined waves have been
separated in Table 5. For example, when the crust in the region of
the source is identical to the crust in the region of the station the
waves 113113113281 and 1‘P181P2P1 will arrive simultaneously. In

realistic cases, however, the crustal sections at source and receiver

will not be identical, and the waves will be separated in time.

Numerical Application of Newlands' Theory

Numerical values for the amplitudes of the phases shown in
Figure 17 were obtained using: (1) Newlands' displacement equations
(Appendix I), (2) the explicit forms of the zero and first order terms
of the determinental expansions [Equations (10)], (3) the combinations
of incident and reflected waves as indicated in Table 5. As relative
amplitudes on a given seismogram are to be investigated, the results
were normalized by making the vertical and horizontal components
of the Pn amplitude unity. The expressions involved were pro-
grammed for calculation on a CDC 3300 computer ( Appendix II).

Figure 25 is an example of the results of the calculation for the
horizontal component of displacement produced by a uniformly radi-
ating source of equal shear and compressional wave amplitudes.
Waves whose amplitudes are less than one-tenth that of Pn are not
considered significant and are not shown in the figure. Figure 25

represents the results for a source at a depth of 10 km in a one-layer
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crust whose physical parameters are appropriate to the province

east of the Cascade Range. The arrow and first symbol in the ray
path label along with the insert in Figure 25 give the direction and
wave type of the initial energy leaving the source. Numerical values
for the vertical displacements are similar and will be given later.

The displacement equations for each of the waves contain the

3/2

geometrical factor l/Li (see Appendix I) where Li is the inter-
face distance of a given wave as indicated in Figure 17. As each of
the wave amplitudes are normalized by that of the Pn wave (i = 1),
the expressions represented by Figure 25 each contain the geometrical
factor (Ll/Li)3/2. The change in amplitude ratio with epicentral
distance displayed to about 350 km is due to the fact that the interface
distances, Li (i #1), are significantly different from L1 for dis-
tances less than 350 km. Beyond about 350 km, all the interface
distances become approximately equal and the geometrical term
becomes unity, with the result that the amplitude ratios cease to
display any dependence upon epicentral distance.

Figure 26-disp1ays the effect of changing source depth on
amplitude ratios of significant phases. The large changes in the
curves at 200 and 300 kilometers are due to the source-depth depend-
ence of the factor (Ll/Li)?’/zi It is seen that beyond about 350 km,

the amplitude ratios are nearly independent of the source depth. It

should be pointed out that the crustal thickness H appears only in
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the geometrical factor, Li’ (see displacement equations in Appendix

II) and does not affect amplitude ratios at the larger epicentral
distances. Furthermore, as H diminishes, the epicentral distance
at which the approximation Li = L1 becomes valid likewise dimin-
ishes.

Figure 27 displays the effect on the amplitude ratios of changing
the velocity contrast of compressional waves at the interface. The
curves are relatively insensitive to changes in Poisson's ratio of
either medium up to about 20% and to changes in the density contrast
at the interface of more than 20%. Dehlinger, et al. (1965) found
Poisson's ration, o, to have essentially the same value of . 26 in
the upper mantle for the two continental provinces (east and west of
the Cascade Range) in the Pacific Northwest states, and Gutenberg

(1959, p. 181) reports that determinations of Poissin's ratio for the

crystalline layers of the earth's crust fall in the range from . 22 to

. 27. The values assumed in this thesis are o, = 26 for the upper

mantle and o] = - 25 for the crustal material. Thus, any realistic
differences between the values of Poisson's ratio in the model used
here and those of the real earth will not effect the results displayed
in Figure 27.

The velocity contrasts at the Moho for the one-layer crust

approximations in the three provinces in the Pacific Northwest states

are as follows: Oceanic, 0.1/0.2 = ,835; West of Cascades, 0.1/0.2 =
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. 797; East of Cascades, al/a2 =.790. Figure 27 shows that within
this small range of values for al/a2 there are no significant changes
in the amplitude ratios of any of the waves under consideration.
Furthermore, Figure 27 shows that in the relatively broad range of
al/a2 =.7to al/a2 =.92 (e. g. a, = 5.6 km/sec, a, = 8.0 km/sec

to a, = 7.36 km/sec, a, = 8.0 km/sec) the values of theoretical

1 2

amplitude ratios for significant waves do not change appreciably from
the corresponding values at the midpoint of the range. The above
range of al/a2 allows realistic changes in velocities determined by
seismic refraction experiments, and adds confidence to the application
of theoretical results from constant velocity models to observations
made on records of the real earth.

In addition to changes in the head wave coefficients, the effect
of crustal layering on the body wave portions of the rays of Figure
17 must be examined. Crustal layering will produce departures from
spherical spreading of the body wave portions of the rays of Figure
17 along with changes in the reflection coefficients for those waves
reflected from the free surface.

Figure 28 shows ray paths and incidence angles for a multi-
layered crust, which was found to be consistent with the Rayleigh
wave dispersion data of Chiburis (1965). The incidence angles dis-
played in Figure 28 can be compared with those for the one layer

crust shown in the insert of Figure 25, Gutenberg's curves illustrating
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reflection coefficients at a free surface (see, for instance, Ewing,

et al., 1957, p. 30-31) show that the reflection coefficient for a P-to-
SV reflection is very nearly unity over the range of incidence angle
from 44O to 620, and that the coefficients for a P-to-P reflection re-
mains small over this range of angles. The coefficients for the P
and S reflections of an incident S wave change little for incidence
angles of 24° to 30°. In addition, as the refraction angles at the in-
tercrustal discontinuities are far from critical, the geometrical at-
tenuation for the crustal rays of Figure 28 should not differ signifi-
cantly from the case of a single layer crust. Therefore, although the
complete solution for head wave displacements from a source in a
crust of variable velocity would be desirable, the calculations based
on a one-layer crust should provide a good approximation to the more
detailed problem.

Table 6 provides a comparison of the amplitude calculations for
the three provinces. The values listed in the table represent the
theoretical ratios of the amplitudes of the reflected and/or converted
head waves to that of the Prl wave as observed on the same seismo-
gram. That is, the horizontal displacement components of the Post-
Prl waves have been divided by the horizontal component of the Pn
wave, and the vertical components have been divided by the vertical
component of the Pn wave. The values in Table 6 were calculated
for an epicentral distance of 1000 km, although these same values
apply at epicentral distances greater than about 350 km for the

eastern province, 250 km for the western province, and 150 km for



Table 6.

for an epicentral distance of 1000 km.

(

Wave Displacement

Theoretical head-wave amplitude ratios for the three provinces in-the Pacific Northwest

Sl, lSl, TPl, P are equal in amplitude).

Pn displacement at the same distance
Provinces
West of East of
Oceanic Cascades Cascades Averages
Hor. Vert. Hor. Vert. Hor. Vert. Hor. Vert.

Wave Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.
iplpzs1 1.057  -0,995 1.140  -0.891 1.117  -0.867 1.1 -0.9
lslpzsl 0.018 -0.017 0.04l1 -0.032 0.034 -0.027 0.03 -0.02
lslpzp1 0.606 0.606 0.634 0.634 0.643 0.643 0.6 0.6
1P1P1P P (an) -0.051 -0,051 -0.124 -0.124 -0.143 -0.143 -0.1 -0.1
PlPlPZS1 -0.054 0.049 -0.141 0.110 -0.159 0.124 -0.1 0.1
PlsleP1 1.013 1.013 1.010 1.010 1.104 1.104 1.0 1.0
P181PZS 0.031 -0.028 0.065 -0,051 0.059 -0.045 0.04 -0.04
1slplpzp1 (sP ) -0.605 -0.605 -0.627  -0.627 -0.683 -0.683 -0.6 -0.6
1SIP1PZSI -0.639 0.578 -0,715 0.559 -0.760 -0.590 -0.7 0.6
TSISIPZP1 -0.031 -0.031 -0,078 -0.078 -0.085 -0.085 -0.05 -0.05
ts. s P_sS -0.001 0.001 -0.005 0.004 -0. 0.004 003 0.002

005

-0.

91Tl
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the oceanic province.

In view of the small differences in the theoretical values from
province to province, the single set of values given in the last two
columns of Table 6 will be used for all three provinces. It is further
assumed that these values are applicable when the source and receiv-

er are located in different provinces.

Applicability of the Theoretical Results

Lapwood (1949) has shown that the part of the solution of
Equations (1), corresponding to the direct wave, could be found
exactly. Therefore, by comparing Newlands' approximate solution
with the exact solution, a measure of validity can be obtained. New-
lands made this comparison and found that the solutions agree, pro-
vided that the observation time after the onset of the arrival is
small compared to the total travel time. As the same approximations
were made for the solutions on 1"(l (in which the terms correspond-

2
ing to the ray paths of Figure 17 appear) as were made on I' (in

*1
which the approximation to the direct wave is found), it is concluded
that the above restriction on the observation time applies also to the
head waves. This restriction is automatically satisfied when short-
period seismograms are used,

The solutions are also subject to the condition that the main

contributions to the branch line integrals come from the immediate
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vicinity of the branch points. This restriction can be interpreted
physically as meaning that the epicentral distances are much greater
than the dominant wavelengths under consideration, and that the
distance is such that all wavefronts are well developed (i. e, (1) the
epicentral distance is well past the critical reflection point where the
head wave travel-time curve branches off from the reflection parabo-
la of the parent body wave, and (2) the receiver is not near the bound-
ary). Restriction (1) is automatically satisfied by actual earthquake
seismograms as the observed small amplitude of Pn requires that
it be the first arrival on the record in order to be seen. In addition,
(2) is satisfied as the seismographs are separated from the boundary
by a distance equal to the crustal thickness.

The question arises whether amplitude ratios from the line
source model are applicable to the case of a finite source, such as
a fault plane, where some spreading in the y-direction must be
allowed.

Heelan (1953) has considered the particle displacement at the
interface between two half-spaces, resulting from head waves pro-
duced by a small vertically oriented cylindrical source in the upper
medium. His calculations included the spreading in the y-direction,
and he found that the particle displacement in irrotational head waves
is in a vertical plane passing through the source. Although the

particle displacement is irrotational, it is not parallel to the apparent
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direction of propagation, as is the case for irrotational body waves.
This vibration direction couples the particle motion at the interface
with the particle motion of deeper points along the refracted wave in
the same vertical plane and establishes a mechanism for the vertical
flux of energy required for explaining the finite energy of the head
waves. It does not, however, allow for a lateral flux of energy.
Thus, the energy leaving the point source between two vertical planes
is conserved, and the concept of cylindrical spreading through an
expanding cylinder whose axis coincides with the z-axis can be
applied to these head waves even though geometrical arguments can
not be used in the vertical planes themselves. This heuristic argu-
ment indicates that displacement equations for head waves from a
line source and a finite source differ only by a geometrical spreading
factor.

As the additional factor for the case of spreading in the y-direc- -
tionwill be the same for all of the waves shown in Figure 17, the
amplitude results for the line source will be applicable to the finite
source case when amplitude ratios are used. A further result from
Heelan is that the amplitude ratios will be independent of the actual

time function of the source.
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Extension to No_nuniform Source Radiation

Figure 25 shows amplitude ratios which would be observed if the
amplitudes radiated from the source in the directions 151, t Pl’ J,Sl
and LPI were all equal. VTo account for a nonuniform radiation
pattern, the values of Figure 25 must be multiplied by the radiation
amplitude in the desired direction normalized by the amplitude in the
direction of the Pn wave (| Pl). This follows from Heelan's result
that the amplitude of the head wave is directly proportional to the
amplitude of the incident critical ray. For example, if the shear
wave amplitude radiated in the direction } S, were two times the

1

compressional wave amplitude in the direction | P then the

1 H

amplitude ratio of 1SIP PZPI/Pn =.6 (at A> 400 km) from Figure

1
25 would be multiplied by 1Sl/l Pl = 2 with the result that the observed
1SlP1P2P1 amplitude would be 1. 2 times that of the Pn wave on
the same short-period horizontal seismogram,

The foregoing numerical amplitude results lead to the impor-
tant conclusion that some of the arrivals predicted in Table 4 should
have sufficient amplitudes tc be registered on seismograms. Further-

more, the radiation pattern at the socurce determines which of the

waves will be recorded at a given source-to-station azimuth.
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Synthetic Seismograms

The results of the preceeding sections were used to construct
the head wave portions of synthetic seismograms which should be
observed at various azimuths from a given earthquake source model.
The source model used was a simple fault of various orientations
and motions as represented by a simple couple. The equations
used to calculate the radiation amplitude ratios 4 Sl/j,P1 , 4 PIA P1
andJ,Sl/lP1 for this model were Mikumo's (1962) equations for a
simple couple. The above ratios were then multiplied by the appro-
priate value from Table 6, resulting in the theoré‘tig{aﬂ‘lwg.)mplitude of
the head waves. The wave shape for each pulse wé.s assumed to be
one cycle of a sinusoid with a period of . 8 second. The time interval
vs. source depth curves of Figure 22 were used to fiﬂd the sequence
of arrivals. More complicated radiation patterns and wave forms
could be used, but the above simple model will display the essential
features of the theoretical predictions.

The theoretical seismograms are shown in Figures 29 to 36.

It is noted that although the seismograms were constructed for an
epicentral distance of 1000 km, the characterof a record at a given
azimuth (i. e., the relative amplitudes of the phases on the record)
will be maintained for epicentral distances as short as 350 km.

The synthetic seismograms show that the phases lSlPZS1 ,
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1P1P1PZS1 , PISIPZSI , SISIPZP1 and 1SISIPZS1 are always
insignificant and would not be useful for the purpose of interpretation.

, the wave t P.P.P_P

In the event that{ P. is much larger than | P
S| g 1717 21

1
may register as it would arrive at an undisturbed time on the record.

The phases Pn,J,PlPZS ) lrSlP Pl,tPISPP , 1S.P.P P

1 2 1" 271 11 271

and TSIPIPZS1 are large in certain instances and offer interpretational
possibilities.

Figures 29 and 30 show that the character of the head wave
portion of the vertical seismograms for a vertical fault source with
only strike-slip motion or only dip-slip motion is nearly independent
of azimuth, with only a reversal of all phases from one quadrant to
the next. The six significant phases should be recorded for all azimuths
although some of the phases may coalesce for certain source depths,
as shown in Figure 36,

Figure 31 shows a considerable change in the record character
with azimuth when the source is a vertical fault with both strike-slip
and dip-slip components of motion. This figure also tends to promote
caution in the practice of labeling the first observable arrival as Pn’
and, furthermore, suggests that the first large amplitude arrival
after Pn may not be the same phase for stations at different azimuths.

Figures 32 and 33 show that the records for the normal fault

dipping 60o and the thrust fault dipping 30° also display a large change

in character with azimuth.
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These records show fewer large amplitude pulses than those for the
vertical fault due to the dominance of the energy radiated in the
directions '(S1 and lSl except for azimuths nearly parallel to the
strike of the fault.

Figures 34and 35 correspond to Figures 29 and 30 with the fault
plane inclined to the vertical.

Finally, Figure 36 shows that the appearance of the head wave
portion of the records is altered considerably by a change in the depth

of the source even though the amplitude ratios remain the same.

Summarz

1. Consistency with the observed time intervals between Pn and

Post-P .
n

CONSISTENT: The time interval between Pn and the second ar-
rival is determined principally by the depth of the shock. This
model allows for scatter in the data from a single shock by virtue
of changes in the dominant phases with changes in source-to-
station azimuth.

2. Consistency with the observed amplitude ratios of Post-Prl to Pn.
CONSISTENT: The synthetic seismograms display large ampli-
tude second arrivals with the observed ampliutde ratio, and they

also account for the cases of rather large and rather small ampli-

tude ratios. In reviewing the synthetic seismograms, it must be
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kept in mind that for certain radiation patterns and for certain
azimuths, the first arrival which observationally would be labeled
Pn may actually be one of the later phases. Also, there is no
predicted amplitude variation with epicentral distance, but the
scatter in the data from a single shock can be accounted for by the
azimuthal variations.

Consistency with the observed average periods of Post- Prl and Pn.
CONSISTENT in part: As these phases are all head waves, the
observational periods of all the phases should be the same -
provided that the time dependence of the P and S radiation
at the source are the same. Different observational periods can
occur, however, in the case of phase coalescence (e.g., the ap-
parent first arrival on the seismogram at 140° azimuth of Figure
31).
Consistency with the observed relative first motion of Post- Pn to
P .

n
CONSISTENT: Changes in the relative directions of first motion
for the first two phases can be accounted for in two ways: (1)
The first two observed phases for different azimuths may not be
the same two phases (e.g., compare the 20° and the 140° records
of Figure 31). (2) For certain radiation patterns, first motion

directions may change with azimuth for the same two phases (e. g.,

compare the first two phases on the 20° and 60° seismograms of
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Figure 32).
Consistency with the observed change in character of seismograms
with azimuth.
CONSISTENT: The dominant phases change with azimuth causing
a change in the character of the records (e.g., compare the 80°
and 120° seismograms of Figure 31), Also, Prl can disappear
over a small azimuth range with very little change in the later
large amplitude phases (e.g., compare the 100° seismogram with
the 120° or 140° seismogram of Figure 31). This example would
be even more striking for a greater source depth as the large am-
plitude phase J,SIPZP1 would be shifted nearer the Prl arrival
according to Figure 36,
Consistency with the observation of several second arrivals.
CONSISTENT: This model not only allows but requires two or
more arrivals subsequent to Pn, and, of course, the dominant
arrivals may be different for different source-to-station azimuths.
Consistency with the observed discrepancy of the initial motions of
short- and long-period seismograms.
QUESTIONABLE: This model does not suggest the observed long
period phenomenon unless the spectrum of the S source extends

further into the longer period range than does the spectrum of the

P source. In that case, the waves derived from the S source
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(all of which arrive after Pn) could be accompanied by an arrival

on the long-period instruments.
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DISCUSSION

The preceding sections were concerned with examining various
hypotheses about the origin of the Post-Prl phases. The considerations
of some of the hypotheses seem quite incomplete as far as establishing
positively the significance of a given mechanism. This was due to
several causes. In some cases, the theory required for the calcula-
tions has not yet been developed (e. g., the source-time function of
failure mechanisms in earth materials), and in some instances the
theoretical calculations would require a detailed knowledge of earth
structure far exceeding that which is presently available (e. g., am-
plitude calculations for horizontally refracted waves or waves re-
flected from discontinuities in the upper mantle), It has been pos-
sible, however, to discuss in both descriptive and quantitative terms
some aspects of each hypothesis giving an indication of its signifi-
cance. Of the various hypotheses, only two seem plausible,

Reflections from an irregular discontinuity in the mantle can
result in arrivals with the observed time delays after Pn, but the
observed variations as a function of azimuth in the direction of first
motion of Post- Prl compared to Prl are not consistent with this
explanation.

The calculations presented suggest that the waves following Prl

are the result of head-wave effects. The synthetic seismograms for



136
head waves illustrated for several earthquake source motions show
that this single explanation can account for the highly complex nature
of about the first ten seconds of seismograms recorded at epicentral
distances of 150 km to 1000 km. There are a few problems re-
maining, however, before a definite interpretation of the second ar-
rivals can be given.

First, there is still a considerable amount of discussion as to
whether Pn is a head wave or rather a wave refracted in the upper
mantle by a velocity-depth structure whose corresponding travel-
time curve is indistinguishable from that of a head wave when experi-
mental errors are considered. If Prl is not a head wave the sur-
face reflected waves an and SPn’ which nearly duplicate the
Prl travel path, should still have the relative importance as indi-
cated in the synthetic seismograms. The importance of the waves
converted at the Moho, however, would have to be re-evaluated on the
basis of transmission coefficients or coefficients related to conver-
sions by velocity gradients--depending upon the new velocity structure
assumed for the upper mantle, From the equality of the periods of
Pn and Post- Prl (as displayed in Table 3) it can be concluded that if
Prl is a head wave then the second wave is also a head wave. Con-
versely, if Pn is a body wave then the second arrival is also a

body wave. This conclusion results from considerations of direct-

wave and head-wave periods (see, e.g., Berg and Long, 1966).




137

Gutenberg (1959, pp. 75-89) presents evidence which indicates that
velocity decreases with depth in the upper mantle. Under such a
condition Prl would be a head wave and, therefore, also the second
arrival.

Secondly, the cause of the erratic horizontal-plane particle
motion diagrams is as yet unresolved. The existence of large varia-
tions in the azimuth of approach for the phases of the first few seconds
on earthquake seismograms is not consistent with the present models
of the velocity structure of the earth. To maintain consistency, it is
necessary to resort to conjecture. It is assumed that the energy
registered on the seismograms has propagated along the source-to-
station azimuth. The large departures in the apparent azimuth of
approach displayed by the particle motion diagrams result from one
or more of the following: a slight mismatching of the recording in-
struments, the possible presence of significant cross-coupling terms
which are ignored in the application of horizontal seismograms, or
secondary dynamic effects which may result in a more complicated
motion of the surface of the earth when additional realistic boundary
conditions are taken into consideration. For example, the addition
of boundary conditions such as non-zero stress on the planes perpen-
dicular to the free surface coupled with departures from perfect
elasticity may give rise to surface vibrations which are not in the

same direction as the incident disturbance.
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With the above assumptions taken into account, it is concluded
that the mechanism of reflected and converted head waves affords the
best explanation of the second arrivals, and the remaining discussion
will be based upon this model.
The synthetic seismograms show that the first large amplitude
wave following P will be either t s, P, P,P, (sP ) or

1 2

lSIPZP1 depending upon focal depth, source radiation pattern, and
location of the station relative to the source. Identification of these
waves, along with their arrival-time intervals after Pn, can re-
sult in a focal-depth determination. These focal-depth determinations
will be in error only by a percent comparable to the uncertainties in
the average crustal velocities., Hence, the results of this analysis
should produce more accurate focal-depth determinations than can

be achieved by the methods presently in use, which require rather
precise origin-time determinations and unsatisfactory assumptions
regarding ray paths.

To apply the Post- Prl method for focal-depth determination, it
is necessary that the first arrival on the record be Pn. The
synthetic seismograms shown indicate that the practice of labeling the
first arrival as Prl is not a sound practice. Over large azimuthal
ranges, each of the fault models illustrated (except for vertical faults

with only strike-slip or only dip-slip motions) display Prl ampli-

tudes which are very small compared to other head wave phases.
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This is illustrated by the seismograms of Figure 31, for which the
source is a vertical fault with both strike~slip and dip-slip motion.
If the epicenter of this hypothetical earthquake wa s located in the
usual manner by considering the first arrivals to be Pn, then it
would be located north of the true epicenter. This results from the
fact that the times assumed to represent Prl arrivals for stations
in the azimuthal range of 120° to 240° would actually be those of later
phases. This effect may explain, in part, why some instrumental
epicenters lie to one side or even outside of the meizoseismal area.
In this same illustration, a focal depth obtained from the time inter-
val between the first two observable phases would be in error if
only stations in the azimuthal range of 120° to 240° recorded the
shock and the first wave was considered to be Pn. It is common
for seismologists to correlate the first phases on records at such
different azimuths as 20° and 140° with complete confidence, while
actually the arrivals may be different phases (see Figure 31).

In many cases, additional information is available so that the
above difficulties can be avoided. If a preliminary fault-plane solu-
tion is available for an earthquake (based upon body or surface
waves, but not head waves) then this method can be applied to re-
cords for azimuths corresponding to maximum P radiation. If

n

fault-plane information is not available, then general considerations

of other earthquakes in the region can be used to determine the
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azimuths at which Pn should exhibit the largest amplitudes. This
follows from the results of Udias (1965) and McEvilly (1966), which
show that there is a consistency to the radiation patterns of earth-
quakes in a given region.

With the seismograms of an earthquake selected to insure that
Pn is the first recorded arrival, it should be possible to identify

the second arrival as either 1SIP P_P or 1SIP2P by con-

121 1

sidering the relative directions of Post-Pn to Pn motions at
several azimuths. In practice, the requirement of positive identifica-
tion of vibration directions for several phases at different azimuths
is too stringent. The best method of interpreting arrivals in terms
of reflected and converted head waves consists of using all recorded
phases in the first 10 to 15 seconds following the first motion. The
arrival times of all observable phases are marked on a slip of paper
in accord with the time scale of the appropriate master curve
(e.g., Figures 18 to 23). The slip is moved across the appropriate
time-interval vs. source-depth curve to the depth which gives the
most consistent alignment between the observed and theoretical time
intervals. It must be kept in mind, however, that some of the phases
may not be recorded along certain azimuths.

One further point can be made concerning interpretations based

upon this model of reflected and/or converted head waves. The last

two columns of Table 6 show that the amplitude ratios of Pos'c-Pn to
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Prl are nearly the same on the horizontal as on the vertical seismo-
grams. Thus, all three records from a given station should be
checked for consistency.

The head wave model here presented would seem to account for
some of the difficulties which Gutenberg encountered in his study of
second arrivals. In particular, Gutenberg's PX phase can be
interpreted as a combined effect of several of the head waves de-
scribed above. For shorter epicentral distances (less than about
400 km), it is seen in Figure 26 that the relative significance of the
various phases of Figure 17 may change with epicentral distance.
When this is taken into consideration along with the changes in arriv-
al-time intervals with azimuth and source depth, Gutenberg's obser-
vation thatthe PX-Prl time interval seemed to increase with epi-
central distance to about 300 km does not represent an inconsistency.
This interpretation requires only that Gutenberg's assumption of a
constant focal depth be relaxed. In addition, Figures 25 and 26

indicate that the reflected and converted head waves are best studied

at epicentral distances greater than about 350 km.,
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APPLICATION TO SPECIFIC EARTHQUAKES

It will now be accepted that the second arrivals are the result of
reflected and/or converted head waves. This theory, as developed
fromthe composite observations of several earthquakes, will now be
applied to focal-depth determinations for specific earthquakes. The
curves given in previous sections will be used in the application. All
of the earthquakes listed below are considered to have occurred
within the crust (Dehlinger et al., 1965) so that the proposed theory
appears applicable. Locations and origin times of the earthquakes

are listed in Table 2.

August 23, 1962: The epicenter of this earthquake was near Crescent

City, California, in the continental province west of the Cascade
Range.

This earthquake was larger than a recent average for the area,
and the station magnifications were sufficiently high that Pn was
registered at all stations. The data from all the stations listed in
Table 3 for this earthquake are consistent with a second arrival
following Pn by 2.0 seconds. From Figures 19 and 22, then, the
focal depth can be determined. Two interpretations are possible.

If the second wave is 1SIP1P P, then h =51 km and the

2 1

following sequence of arrivals should be registered for stations east
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of the Cascades (see Figure 22),

P
n
PP 2.
fSIP1 >Fy 0 seconds after Pn
ls PP 2.7 seconds after P
1 21 n
tp s P P 4,6 seconds after P
171 2 n
PP S 6.3 seconds after P
1 21 n
?S P P.S 8.3 seconds after P
1 271 n

If the second wave is islpzpl’ then h =10 km and the
following sequence of arrivals should be registered for stations east

of the Cascades (see Figure 22).

P
n
|{S P P 2.0 seconds after P
1 2 1 n
PP .
TSI 1 2S1 3.5 seconds after Pn
P s P P 5.5 seconds after P
11 2 n
P P s 6.3 seconds after P
1 21 n
s P P.S . P
Sl 1F25) 9.8 seconds after n

the Cascades using Figure 19. Most of the later arrivals were lost
due to excessive record amplitude. However, the records from the
station HLY (see Figure 9) clearly show a third arrival with a very
large amplitude at 2.6 seconds after Pn(O. 6 seconds after Post-Pn).
By comparing the arrival time of the third phase with the two possible

A similar set of arrivals could be constructed for stations west of
sequences given above, it is concluded that the first of the above
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interpretations is correct, with h = 5% km.
In passing, it is pointed out that had the station magnification at
HLY been lower, the Pn wave from this shock would probably not

have been recorded (see Figure 9).

November 6, 1962: The epicenter of this earthquake was on the

north side of Portland, Oregon, in the continental province west of the
Cascade Range,

The recorded amplitudes for this earthquake were large, and
it can be assumed that Pn was recorded at all stations (listed in
Table 3). Pn consisted of several cycles of motion with no obvious
second arrival until 3.5 seconds after the onset of Pn. The data
from all the stations in Table 3 are consistent with this value, and
the focal depth will be interpreted on this basis. If the second arriv-
al is 1} $ P/ P,P, then h=10km anda null direction is re-
quired for | SIPZPI' If the second arrival is $SlP2P1, then
H = 0.3 km and a null direction is required for 1SIP1P2P1.
Actually, a complete null for the waves is not required (i.e., it is
only necessary that the recorded amplitudes be comparable to, or
less than, the Pn amplitude so that a definite arrival is not apparent
on the record). As the stations BKR, WMC, and HLY all lie within

a small azimuthal angle with respect to the epicenter, it is not an

excessively strict requirement that the second wave be small at all
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three stations.
If the interpretation of the second arrival as TSIPZPI is

considered with h = 0.3 km, then Figure 22 indicates that there
should be a relatively quiet segment of the record from about 1 to
3.5 seconds after the arrival of Prl (assuming that the source is
characterized by a pulse of short duration). However, as the ground
motion persists with constant amplitude from the onset of Prl to
the time of arrival of the large amplitude second wave at 3.5
seconds, it is assumed that some energy arrived around 2 seconds

after Pn. Thus, the large amplitude wave is interpreted to be

represents

1 SIP PP with h = 10 km, and the wave lSlPZP1

172 1

energy between Prl and TSIP1P2P1.

January 24, 1963; The epicenter of this earthquake is near

Seattle, Washington, in the continental province west of the Cascade
Range.

This earthquake provided the most complete set of seismo-
grams available for this study. The earthquake magnitude and
station magnifications were such that good quality records were ob-
tained along various source-to-station azimuths. Accordingly, it
was possible to explain nearly all phases in the first 10 seconds of
the records on the basis of the head wave model.

Figure 8 shows the seismograms of this earthquake as recorded
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at the station HLY. The epicenter was such that the horizontal
record T (at HLY) was oriented approximately along the epicenter-
to-station azimuth. Therefore, on the basis of the vertical record,
Z, and the in-line horizontal record, T, the arrival times of
every displacement on the records which could be considered as a
distinct pulse were read. The sequence of arrival times measured
from the onset of Prl was found to be as follows: 0.83, 1.7, 3.7,
5.3, 6.8, 8.0, and 8.7 seconds. The time interval vs. source-depth
curves of Figure 22 appear to be most appropriate for this source-
station combination, but only the first two observed phases fit the
curves of Figure 22. It was found, however, that a slight modifica-
tion in the assumed crustal structure resulted in a good fit for all
phases. An increase of 5 km in the crustal thickness of the western
province and an increase of 3 km in the crustal thickness of the
eastern province brought each of the seven recorded phases into
alignment with theoretically predicted phases. The revised time in-
terval vs. source-depth curves are given in Figure 37, and the ob-
served arrival time sequence is shown by the circles for the value

h = 43 km. Figure 38 shows the vertical and in-line horizontal re-
cords from the station HLY with the phase identifications as deter-
mined from Figure 37. The new crustal sections have the same
velocities as given in Figure 5, but the western section (in the region

of the earthquake) is now 28 km thick and the eastern section (under
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Figure 38. Head wave interpretation of the January 24, 1963 earthquake as recorded at HLY,
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the station HLY) is now 45 km thick. The earthquake epicenter was
near 122° W longitude, and the crustal thickness of 28 km as is re-
quired in order to explain the phases by the head wave model--without
altering the velocities as determined by refraction studies--is re-
markably consistent with Figure 4.

It is seen from Figure 38 that the wave 1‘P1P1P2P1 was
identified at HLY. From Table 6 this implies a source radiation
pattern such that {P has about ten times the amplitude of P
towards HLY. The wave interpreted as lPlPZS1 has an amplitude
which is larger relative to Prl than the theoretical value, but this
amplitude discrepency is attributed to a small Prl amplitude
caused by the interference of Prl and TPIPIPZPI. This over-~
lapping of the first phases also accounts for the apparent long period
onset of the earthquake.

Figure 39 displays the vertical records from stations at two
other azimuths from this same earthquake. The time intervals as
taken from the HLY records for the phases TPIPIPZPI, TSIPIPZPI.
ls PP and 'P S PP are indicated on each seismogram of

1 21 171 2 1
Figure 39. The time intervals for these phases are dependent only
upon the source depth and crustal structure in the source region and
should be the same for all stations. Some of these phases may become

more dominant or may disappear at certain azimuths, depending upon

the radiation pattern of the earthquake. The time intervals between

-
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SHORT- PERIOD VERTICAL SEISMOGRAMS RECORDED AT
WINNEMUCCA (TOP,455K) AND MINA (BOTTOM, 593K), NEVADA,
FROM THE JANUARY 24, 1963 EARTHQUAKE LOCATED SE
OF SEATTLE. DISTANCE AND AZIMUTHS TO STATIONS ARE:

WINNEMUCCA 768 KM I151°
MINA 1060 KM 167°

Figure 39. Short-period vertical seismograms of the earthquake of January 24, 1963 as recorded at
MNA and WMC. The relative arrival times marked on the records were taken directly
from the record of Figure 38,

e
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P and the phases lplpzsl, t P P P,S, and ’rslplpzp1
depend upon the crustal structure under the station.

It is seen from Figure 39 that all recorded arrivals at stations
WMC and MNA can be correlated with arrivals observed on the HLY
seismograms. The seismograms of Figure 39 indicate that the azi-
muth to the station MNA is along a null direction for the Prl radia-
tion from this source. The arrival times of station converted waves
could not be determined for seismograms of Figure 39 as the phases
following ! P181P2P1 interfere with each other. This overlapping
of phases at larger epicentral distances appears to be due to an in-
crease in recorded periods. The frequently observed increased
period with increasing epicentral distance presents a major obstacle
to the application of this technique. It should be possible to obviate
these difficulties through the use of pulse-shortening techniques,
such as the deconvolution filters employed in seismic reflection
shooting. These techniques require extensive digital processing of
the data, however, and were not used here.

The other earthquakes listed in Table 3 were analyzed using

arguments similar to those presented above. The interpretations

which could be obtained are given below.

December 27, 1963

The analysis produced h = 7 ks, based upon an 181P1P2P1
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interpretation of the second arrival at BLL and TON. The records

were not of good quality.

January 6, 1963

The depth of h = 5 kmn was determined by an 1SlPlP2Pl in-

terpretation of the second arrival and an | SIPZPI interpretation of
a very large third arrival at 5 seconds after Prl on the WMC re-

cords.

January 27, 1963

The best interpretation gave h = 16 km, based upon the LON
records showing three waves following Pn, whose amplitude
ratios to that of Prl were 3, 2, and 4, respectively, and whose
arrival times after Prl were 2.6, 3.5, and 5.1 seconds. These
waves were interpreted to be tp P PP lSlPZP and

1717271 1

P PP, 5 ively.
TSl 15271 respectively

August 22, 1963

The results of this analysis produced h = 5 km, based on an

t SlPIPZPI interpretation of the second arrival at ARC, MIN, WMC,

and HLY, P registered as a small but clear wave (see Figure 13),
n

and the records took on the appearance of a ringing marine refrac-

tion record upon the arrival of TSIPIPZPI. The S to P reflec-

tion is from the ocean floor, and it is this encounter with the water
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layer which sets up the reverberations.
The other oceanic shocks listed in Table 2 were recorded with
periods which are too long to allow for the determination of more than
one second arrival. Also, the limited azimuthal station coverage did

not permit the first arrivals to be picked as the P wave.
n
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CONCLUSIONS

The following are concluded from this investigation:
The Post-Prl phases (appearing on seismograms for about 10
seconds after Pn) can not be explained as: (a) instrumental
effects, (b) signal-generated noise, (c) converted waves at inter-
crustal discontinuities, (d) aftershocks, or (e) ''stopping'' or
"breakout'' phases, because the amplitudes compared to Prl
are too large. Similarly, these second arrivals can not be ex-
plained as (a) large-angle sub-Moho reflections, (b) slightly
different travel paths from Pn, or (c) aftershocks, ''stopping"
or '"breakout' phases, because azimuthal variations in the first
motions of these phases relative to those of Prl are not con-~
sistent with such mechanisms,
The nature of the Post- Prl waves originating from shocks within
the crust can be explained theoretically, and verified on earth-
quake seismograms, as head waves which have been reflected
at the earth's surface (above the source) or were converted at
the Moho. For certain radiation patterns and azimuthal direc-
tions, the waves following Prl that are usually recorded with

. . P } ,
large amplitude include 1SlP1P21 (sPn), SLPZP1 and

TSlP1P781. Waves with smaller amplitudes (often not recorded)

i t , P.P_.
include [P, P P,P  (pP ), lplpzs1 and P S

11 2 1
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Theoretically possible waves which are always small or negli-
gible, and therefore not applicable for interpretive purposes,
include S P.S , P s PS, TPlPlesl, s s PP,
and 1slslpzsl.
The consistency in the predicted head waves with those observed
on seismograms during the first 10 seconds after the arrival
of Prl is strong support for the assumption that Prl is a
head wave.
The good agreement between synthetic seismograms, assuming
head wave interpretations for Post- Prl waves and a single
source motion of short duration, with actual seismograms,
provides evidence that an earthquake source can indeed be rep-
resented by a single pulse motion.
The PX wave of Gutenberg can be explained by head wave

theory as either TSLP1P P1 (sPn) or IS P P waves, and

2 172 1

perhaps in a few cases as fPlPlszl. PX does not distinguish
between these phases.

By proper identification of the second arrival head waves,

various ones of these waves can be used to determine focal
depths of srnall shocks located within the crust and recorded at
only a few (even one) station. The focal depths can be deter-

mined with rather unexpected accuracy; the accuracy of the

velocity structure in the crust and upper mantle being the



156

controlling factors. Identification of the second arrival head
waves for focal depth determinations (fSIP1P2P1, lSIPZPI,

and TSIPIPZSI) can be made most reliably at epicentral
distances between 150 and 1000 km, with best results obtained
at distances greater than 350 km. These focal depth determina-
tions are independent of origin times and do not require a close
network of stations.

Focal depths of earthquakes in the Pacific Northwest states
have been determined, using head wave theory and a single

layer crust over a mantle having velocities previously deter-

mined, as follows:

Date Epicenter Focal Depth
August 23, 1962 Crescent City, California h = 5'% km
November 6, 1962 Portland, Oregon h =10 km
January 24, 1963 Seattle, Washington h = 4% km
December 27, 1963 Kings Valley, Oregon h=7 km
January 6, 1963 S. W. Montana h=5 km
January 27, 1963 Central Idaho h =16 km
August 22, 1963 Off Southern Oregon h=5 km

Crustal thicknesses in the vicinity of a source (above the Moho)
and a station (at distances of 150 to 1000 km) can be deter-
mined (or modified) from time differences between Prl and

the properly identified subsequent head waves. This was il-

" lustrated by the analysis of the shock of January 24, 1963.



The crustal thickness was found to be 28 km under the epi-

center and 45 km under the station HLY (the model used as-
sumed 23 km and 42 km respectively). The analysis could
conceivably be extended beyond that used in this study to a two
or even three layer crust.

A limiting factor in applying the head wave model to interpreting
Post- Pn phases is the overlapping of phases owing to the rela-
tively long periods of each phase. This factor makes the head
wave model more appropriate to determining focal depths of
crustal shocks in continental more than in oceanic provinces.
However, where separation of overriding phases is required,
mathematical filtering methods can be applied or higher fre-

quency seismometers used.
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APPENDIXI.

NEWLANDS' POTENTIAL AND DISPLACEMENT EQUATIONS

The expressions for the various potentials and corresponding
displacements as derived by Newlands (1952) are photographically
reproduced below. A few typographical errors were present in

Newlands' paper. The following corrections should be made. A

(2 L@

0.2 S (12

and U(g) (under qu(g)). The term s¢fx3)

2 P %2 *2 2
superscript misprinted. All of the W components for the qu

factor of l/Fo is missing in the expressions for qu

(2))

(under sq"a has its

contributions from I;l have the wrong algebraic signs. The

2
2
exponent of "i'" in pq;a ) should be 3 rather than 3/2. In addition,
2

the second subscript on the brackets in the displacement equations

for the s¢ and qu contributions from I are unnecessary. The
a
2
equations were checked for accuracy and are otherwise correct.



¢ contributions from T',,
o o 18/ ¥~V 1 (T, TySN] ysexp ior)
Was ﬂ:;z[mz—2Hﬂ:;2— (h +Z) a:; ]| [Fo ( Ss )]azw exp {1(4)7}

. —32./2ia}(2/a2—1/F7)2 T,S ] A~
U® = J2ia}(2/a3—1/A}) [F%( 1_do l)]a’.,;H(.,) = WD x d13,/a,

fuaola,—2H 0y~ (h+2) a3, %
where T=1—x] ——2Hﬂ/,?z —(h+2z 4{,\412;
a2 2
( o g AN _
’¢2) = — 4./(2m) “zalaz(2/“i l/ﬂ?)/\ [%(%__Ygfl)] o~ texp {iwr},
brag[xa,— (H+h—2) ayay— Hfy ] =070 9 T
U® = 8./2 a4 d;2,(2/a3 — 1//72 ) Y _YS\ g 1) = — , WD X dy /ey,
P A F SZ ] 2
L Proalxay— (H+h—2) dyy— Hf 2] 0 ¢ T
where T= t—:r/az—(H+h——z)/afE,-—H/ﬂl ay;
. 5 AN _
O - 4./(2m) a3 ala2(2/‘f£ l/ﬂ%)/\ [Fi (_Y_I_Ygfn)] vV exp {iwr},
bray[xay— (H—h+2)a,a,— Hpyap ]t =070 70 7o
AN
Uy = 8./2a1d,3(2a;— 1/AY) [F (Y Ygf )] rH(r) = W& x d;d,/a,,
ﬂl“z[x“z—(H h+2z) “l“z_Hﬂ L2 9 I
where T =t—xla,—(H—h +z)/a/l7zz—H/ﬂ:;2;

0 o~ 8/(2m) afdlay(2/af — L/FY) [ (g Y,S, )] ot exp ),
lglaz[xaz_(H'f'h'f'Z)/a/l;z—Hﬂ a,]t FE\S 83 /das

U = —16./2a} &,3,(2/23— 1/4}) Y, Y, H(r) = WO x & 3gfan,

» ﬂlaz[xdz (H+h+2)/a,a2—Hﬂ, ]|[F8( Sg)]az‘f (1) pWWay X 2/a2

Where = t—xfay— (Hh+2) i — Hlf o3
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5 =.J(2nid) “1“2“2["“2 (2H—h—2z) “l“:] wl wgzsl]

) 0 az

‘ YU =2 /2id a, 0 xa,— (2H—h—z) dy,] ! [%' _%%] HH(1) & —, WO x d a,/a,,

w4 exp {iwr},

wherc T =t—xfa,—(2H—h— z)/aﬁ,;

¢(7) = — /(2mi%) &) ay ad[xa, — (2H +h— z) dya,)” [Fo (Wl Wéygsl)l o-texp {iwr},

U2+ —2 2% 00y~ (2H +h— z)a,a,]-n[F (Wl 031)] PH(r) = — WO x &oifa,,
0 o az

whcre T = t—xjay— (2H +h—2z) /0 ay;

(49— J(2mi®) &0y [xay— (2H—h+2) 2] [ R ( W,_ ngsl )] oV exp fior),

JUL = —2J21a, ayay[xa,— (2H—h+z) alaz]" [F (W M;ZS )l *H(r) *}Wg)x“ﬁz/“z,
where T = t—xfay— (2H — h+2) o} 0y 2

$O = J(2nP) df &, el xa, — (2H+h+2) d,8,]" [Fg(w ngsl)l’ o exp {iwr},
L‘,U,‘,*,”= 2./2ia,a,a,[xa,——(2H+h+z) amd"’[%(—ﬁ—%ﬁ)]”r‘H(r) = ,Wg’xajt\z,/a,.
where T = t—x/a,— (2H+h+z)/d, ay.

¥ contributions from T,,
(g o =42 a3/ —1/87) (1T, ToS\] . texpli i
sy e il iba ) Kbt

8./2ia}(2/a3—1/8? 1 (T, T,S ~
pU.(;f)* - ~/ iad( /dz A/ﬂn) — ,[F (_ol_#)] .,iH(.,) *"‘pwa(,f)x“z/ﬂl‘lz:
brag[xa,—(2H —2z) fa,—ha, a)] ~ u
where T = t—xfa,~ (2H—2) |, 2, — @ ay;

(g o 4/(2n1%) 3(2/a3 —1/82) Ty TyS\T ctenos
. [x2, — (2H +z) ﬂ:zz— hdya,]t I:F 0( 85 ):L exp {iwr},

U o 8./2ia§(2/¢§—;1\/ﬂ12) _ I:Fo_ (%_%)] H(r) = W x aylfray
| braglxa,—(2H +2) fay—haya] =0 ¢ I
where 1= t—xjay— (2H+2) [fra,— /e 3y;
W s J(2m) a3, [Yl Y.,s] o exp i),
[xay— (H— k) dyiy— (H—2) fa,]"
< —2./2 a, a,a} Y, Y,$,

(4) =
LUW

A~
] ) 5 = W e
ﬂ:zz[xa,-—(H-—h) aT?zz—(H_z)ﬂ,l‘;zr So Sg as P a

where 7= t—x/a,——(H-—h)/a’,;z-—(H—-z)ﬂrt;z;
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o —(@m)aldn, [R5 5], oexpton
o glxaz*(H—") dyty— (H+2) fag)! R
i —2J2a,a2a2 ( I Y°S')] 1 H(1) = WS x ay/f,a,,
U(S) = . [F 0 a
" fralxa— (H—h) dya,— (H+2) fa,]
here T =t—xfa,—(H—h /aldz—(H’i'z /ﬂl“zi
9 —J/(2ni) 3,3, [F (_-_.’io%)]“ vt exp fior},
J" " [rag— (H+h) &3~ (H—2) 2] A
U® = 2./2 a, a,aj [F ( 1Yo )l’.,iy(.,) = —, WO xa,/pa,,
,' " fisalra,— (H+h) dyig— (H—2) fag)?
‘here T =1t—xla,— (H+")/“|“2‘(H—Z)/ﬂ|“23
wil N Y S ] .
pn = J(2m) aja, a, _ [(_gj_lﬁa"@/ag l/ﬂz)z)(y 3.2')]“0) texp {iwr},
" Lty (H+) g — (B 2) o] ek \ Y,S,
Al ([ vl ) 5 5)
! U = ~ ~ .[( aaﬂa So 9 /day
g ﬂ?a,[xa,—(ﬂ«{—h)alaz—(H+z)ﬂ|a2] 1%2/1%2
WD X ayff 2, N ~
where ’ St T =t—xla,— (H+h)|a,a,— (H+2) [ %;
W, WS - .
g Ui Lot
XAy — 1%2—
2 —8./2ia}(2/a3—1/A}) [ ( 1 M.l)] TH(r) + ,W.‘:’xaz/mz,
L ﬂlaz[xaz (2H—h) ‘11‘12 2f, a] N
where T=1—xa,— (2H—")/a|“z_z/ﬂ|“z3
W, WS, - :
w2+ 4J(22n;) ;,)(2/ _lz;ﬂ’ . (7o (4 -Ya5)] wrtexp or
; [xa,— (2H+ 2' 2 1/8%) W, _WS YH(r) = W(Q)Xaz/ﬂlazg
l U® = 8./2ia3(2/a}— [F ( 2 )] r
P ar ' 0
‘ ﬂlaz[mz (2H+4) dya,— 26, ‘12]
where 1= t—x[ay— (2H+h)[a, a,——z/ﬂ, ay.
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+p contributions from T
42 = 4-/(27’13) a3(2/a3 — 1/,92) [Tl T, S] ot exp i), .
T xay— 2z, — (2H— b) frag)t a2

U o — S2istEle= 1) (78] rHO) + W2x e,
" [y -2 3y~ (2H—h) fa)!

where T = t—xfay— 2|t 0, — (2H—h) /ﬂ:?:z;

and similarly
SR = (- x..., UP=(-1)x..., WO=(—-1)x..

with  (2H+4) for (2H—~h) and [(T/S,— Tos,/sz) F,/F,] for [T,/So T,8,/53]:

o N
# eSO GRS [N T oo exp fur)
[xa,— (H—2z)a,0,— (H—h) fa,]t =70 70 -l
N
,U‘,:’ = —2{34142% __ §_Y.$o‘;gl 7H(r) = —,Wg’xaﬁz/zz’
[x2y— (H—2) @, 2, — (H—h) By a5]* -0 0 —en0
)
where T = t—xfay—~ (H—2) [ @y — (H— k) [f, a,;

and similarly
:¢(¢s.)*(—l)x"': JU(:-)"'('—I)X“" ,W(‘?%(—I)X...,

with (H+h) for (H—h) and [(Y/So—YoS5,/SF) Fy/Fy] for [Y,/S,—Y,S,/S§],
A+ (-)x..., UO%(-1)x.., WO&s(+1)x..,
with (H+z) for (H—2) and [(Y,/S,—Y,S,/S}) Fy/F,] for [Y,/S,—Y,S/53],
S0 (D)X ey JUP % (+1)X oty WDk (=1)X ..oy
with (H+h) for (H—k), (H+2z) for (H—2)
and
[(Y1/So—Yo51/S3) (F3/FE—16{2/a3 —1 /A7) a/d; 2, 8,2, F§)] for [,/S,— ¥oS,/S3];
4./(2ni%) (2/a3—1/f?) & W, W,S - .
] --,[mzf(2 H’ _‘z/) o £ :2]'[ (-2, ot exp iam,
U 5 8S28(2ad—Lf) i [F(W' —@)] PH(r) & — WO x drgfa,
[x2,— (2H—2) 2y a,—hp, a,]}
where T =¢—xfa,— (2H—2) /a,a2-h[ﬂ,a,;

and similarly
IN=(-1)x..., JUP=(-1)x..., ,W®=(+1)x.

with (2H+2z) for (2H—2) and [F,/F’] for [1/F).
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¥ contributions from T,

n o —10/(2ni%) a}(2/al— 1/f3) Wi WoS\T otennts
Ve a,az[xa,—2Ha,a2—(h+z)ﬂa].[F,,( kY; ):Lw exp {iwr}

o s —32/2ia}(2/a3 - 1/$3)? [FL (_'Y_l _.’1’9_‘?1)] HH(r) = — WD x djay/a,
a3 0

‘{1‘;2/9:;2["“2" 2H‘{1‘?‘z“ (h+2) ﬂ:;z]' 5
where 1 = t—xfay—2H|d |2, — (h+2) [f, ay,
g 4 (2:i) a3(2/a3—1/A%) _ [Fl" (Zl _M)] v~ exp {iwr),
[x2,— Ha,a,— (H+k—2z) ) a,]} o 0 I
— 2 ~
R T 81;/:2(2/:; +1h/ﬂ"')z ~ [F (Y Y, g,; )]a..oﬂH(T) = WO x & a,/a,
where T = t—xja,— Hla]a,— (H+h—-z)/ﬂ, a,,
and similarly
YO () %oy JU®2(-1)x..., WP (+1)x.
with (H—h+z) for (H+h z),
Y= (-2)x..., ,U®=(+2)x...,, W®=(-2)x...,
with (H+h+2z) for (H+kh—z) and [F/F§] for [1/F)];

Jer)adfla, [T, TS

6) 2 — et ] 1 .
Vo o @H—h—2) f L5 ] e ten
o228 [L T an) o, W xalfin
[xay,— (2H—h—2z) B}t "0 0 az0
where 7 = t—x/a,— (2H—h—z)/f,a,,
and similarly
De(—1)X., JOP=(-1)x..., ,WD=(-1)x...
with (2H+h—2z) for (2H—h—2z)
and ((T2/So— T4 $1/S8) FolFo]  for  §T/So— T, S,/S3],
O (=X UO 2 (+1)x..y WD s (=1)x...
with (2H—h+z) for (2H—h—z)
and (TofSo—ToSyS) FfFol for  [TySo—ToS,/S3],
FO ()Xo, UD2(=1)X.., WO (+1)x...
with (2H+h+z) for (2H k—2z)

and [(T/So— ToS,/S3) F/FE] for [T,/S,— T,S,/SE].
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APPENDIX II
COMPUTER PROGRAM

This program calculates the amplitude ratios of the vertical
components of the various phases of Figure 17 to the vertical com-
ponent of Pn and the amplitude ratios of the horizontal components
of the phases of Figure 17 to the horizontal component of Pn. The

program is written in FORTRAN for use on a CDC 3300 computer and

was written to handle three crustal structures at a time.

Input
Cardl. FORMAT (5F10.2) - layer parameters for the first crustal
section in the order H, P, S,
1 1
PZ’ SZ'

Card 2 FORMAT (5F10.2) - layer parameters for the second
crustal section.

Card 3 FORMAT (5F10.2) - layer parameters for the third crustal
section.

Output

The output consists of the amplitude ratios for epicentral
distances from 200 to 1000 km calculated for each 100 km interval.
Also, for each epicentral distance, the ratios are calculated for
source depths of from .1H to .9H at intervals of . 1H (H = crustal
thickness), The output is in the printed form.

The FORTRAN listings for this program follows:




PRBGRAM MATRIX
200 FORMAT(15H LAYER MATR,CES)
201 FOBRMAT(38n HEAD WAVE AND REFLECTIBN COEFFICIENTS)
tuo FBRMAT(IH ,5HP1 = ,F5,2/6H St = ,F5,2/6H P2 = ,F5,2/6H S2 = ,F5,2/
18H RHBL = ,F5,2/8H RHB2 = ,F5,2///)
10f FORMAT(IH ,5KHSO = ,+9,3/6H St &« ,F9,3/6H WO = ,F9,3/6H Wi = ,F9,3/
i6H 70 = ,F9,3/6H T1 = ,F9,3/6H YU = ,F9,3/6H YiI = ,F9,3/
26H FO = ,F9,3/7H FO08 = ,F9,3///)
102 FBRMAT(1IH ,6HHPP = ,F9,3/7X HPS = ,F9,3/7H HSS = ,F9,3/7H HSP = ,
1F9.,3/7?H RPP = ,F9,3/74 RPS = ,F9,3/7H RSP = +F9,3/7H RSS = ,F9,3)
JOO FORMAT(J33H TB@TAL PN VERTICAL AMPLITUDE = ,E9,2)
301 FBRMAT(JI3H TBTAL PN HRRIZONTAL AMPLITUDE = ,E9,2)
302 FORMAT{(41lkh THE NBRMALIZED HOBRIZONTAL AMPLITUDES ARE///
112H PiPgS1 = ,F7.3/121 $S1P2S1 = ,F7.3/12H S{P2P} = ,F7.,3/
212H P{PIP2P) w ,F7,3/12H PiPIP2S1 = ,F7,3/12H P1S1P2P} F7,.,37
312H P1S1P2St = ,F7,3/12n 8i1P1IP2P1 = ,¥7,3/12H S1P1IP2S1 = ,F7,3/
412H SISiIP2P1 = ,F7,3/12H S1S1P2S1 = ,F7,3)
303 FORMAT(41H THE NORMALIZED VERTICAL AMPLITUDES ARE///
112H PtP2S1 = ,F7,3/12H S1P2S1 = ,F7,3/12H SiP2P} = ,F7,3/
212n P1P1P2P1 = ,F7.3/12n PLIPIP2SY = ,F7,3/12H P1S1P2P} F7.3/
S12H P1S1P28t = ,F7,3/12H S1PLP2P1 = ,F7,3/12H SIPIP2S1 = ,F7,3/
412H S1S1P2P1 = ,F7,3/:i2H S1S1P2St = ,F7.3)
500 FORMAT(46H THE FOBLLAWING RESULTS ARE FBR SOURCE DEPTH = ,F6,.1)
501 FBRMAT(23H EPICENTRAL DISTANCE = ,F7.1)
520 FBRMAT(5F10,2)
D8 600 k=1,3
READ 520,H,P1,S1,P2,52
Di=s ,374x(1,+P1l)}
D2=,374%(1,+P2)
RisDi«SiwS}
R2uD2+52%52
PP=Pi#P2/SARTY(P2»P2«P1«Pl)
SiP=sS{#P2/SART(P2+4P2=51+S5}1)
S2P=S2«P2/SQRT(P2#P2~52%52)
VPeP2/PP
VS=sS1P/P2
Al1=sP2/PP
Alz--tt
Al3mw],
A21m=2 #«P2/PP
A22=2 ,«(P22P2)/(S51+S51)
A23m(2,=-(P2#P2)/(52%S$2))*R2/R1
AS1wAQ22
AJ2m=2 ,#«P2/S1P
A33=2 ,*P2«R2/(S52P=R}Y)
Biim~=],
Bl2=P2/S1P
Bi3=s=P2/S2P
B2i=All
822==-1,
B23m=i,
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B3l1=A21

B32=A22

B33=A23
DSOI-(-AII'AZZ‘ASJoAl1'A32*A23¢A21'A12-A33-A21'A32*A13¢A31'A12*A23
1=A31#A220A13)=A234(B11+B22#B33~B114B329823+821#B12wB33-B8214832¢B13
2-831*812%B23+BI1*B822%813)

Allmwall]l

A21m=A2]

821=aB21

B3l==331

WO m=(=AllwA220AT34A1nA324A234A21wA12%0A33wA210A320A134A3IwA120A23
1=A31%A22#A13)=A23+(p|]1*822*B33=B11*B32%B23+B21*B12%B33~8219832+B13
2=B31+812+823+B31«822+813)

Alls=All

A21s=A2]

Bllm=p2l

B3l==B31

AJ2m=A32

Bl2s=B12

TO =2=~(=A11%A22%A33¢AL1*A324A234A21*A12%A33=A2 1 %AIZeA13+A31wA12#A23
1=A314A22%A13)=A23(B8119B22+833-B114B32+823+4B821+B12#B33=-8214B832+B813
=831 *B12%B23+B831*B22*H813)

AJ2==A32

Bles=B1lg

Cili=B11

Cl2=812

C13=B13

C21=A21

C22aA22

C23=A23

C31=A31

C32=A32

C33I=A33

Diisgi1

Di2=B12

D1S=813

D21=AL1

D22=A12

D23=A13

D31=A31

D32uA32

D33=A33

DS1=C11#C224C33-C11+C324C23+4C21+C12C33
1=C21#C32*C134C31#C12#C23-C31%C22%C13+¢(2,*R2/R1)%(D11«D22«D33
2~D11#D32+D234021*D12+D33~D21+D32¢D13+DU31*D129D23=-D31#D22+D13)
C2i==C21

D21==D21

W1l =C112C224C33=C112C32+4C234¢C214C12+C33
1=C21+C32*C13+4C31%C12+C23~C3I1#C22*C13+(2,*R2/R1)*(D§1%D22+D33
2=D119D32«D23+4D21#)124033-D214D32«D13+4D314D12«D23=-D31D22+D13)
Cei==C21

D21==D21

Cl2=aCl2

C32==C32
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Di2==D12

D32==D32

T1 =Ci1#C22#C33~C11#C32xC23+4C21+C12+C33
1=C21#C32=C134C31*C12+C23=C31#C22+C13+(2,*R2/R1)=(D11+D22+D33
2=D11D32%023¢D21+D12#D33=D21%D32e134D31#D12#D23=D31#D22#D13)
C12==C12

C32m=C32

Di12==D12

D32s=D32

EllmamAll

E12=4A11

E13==~1,

E21s=A21

E22=A21

E23=A23

E31=A31

E32mA31

E3S=A3S

Fllmwq,

F12==~1,

F13=B13

F21sE11

F22=E12

F23=ELS

F3i1=E21

F32=E22

F33=E23

YOmw(wE | L0E22wE33E I wEI2wE23¢E21wE12wEII4E21#EI2#EL3
14EILI*EL2#ER3=ESI*E22+EL1J)4E2In(FILwF22%F33=F11#F32%F23
2"Fi*F12*F33=F21*F32eF13+F31«F12#F234F31*F22%F13)

Gli=Fil1l

Gle=sF12

Gi3=F13

G21=E21

G22mE22

G23=ELS

G31=EJ31

G3I2=EJ2

G3II=EIS

Hil=F11

H12=F12

H13=F13$

H21sF2}

H22=F 22

H23=F23

H31=E31

H32=E 32

H33=E3S
Yim(+G11#622+G33+G11#G32#G23=G21+G12«eG3IIJ+G21#G3I2*G13
126310G12#G23=GS1%G22+G13)4(2,*R2/R1)#(wH112H224H33
2=H11*H3I2*H23+H21*H12*H3J=H21*H3I2*HIJ4+HIIWHI2*H23+HI1"H22*H1J3)
FOu(2,=P2+P2/(S1#51))#(2,=P2+«P2/(S1451))¢4,4P2#P2/(PP%S1P)
FOBa(2,=P2#P2/(S1#S1))%(2,=P2#P2/(S1%51))=d4, «P2aP2/(PP2§iP
PRINT 100,P1,S81,P2,82,D1,D2 -




PRINT 200,

PRINT 1u1,DSO,0S1,W0,Wi,T0,TL,Y0,YL,FO,FOB
HPPm=PP#P2#P2w(W1/DSO=WO*DS1/(DSC=DS0))/P1L
HPS==PPaP2wpP2«(Y1/DS0+YO*DS1/(DS0O«DSO))/S1
HSS=SiP«P2#wpP22(T1/DS0~-TO*DS1/(DSO0«DS0))/S1
HSP==PPwP24p2#(Y1/DSO+YU*DS1/(DSO*DS0O))/P}
RPP==FOB/FO

RPS=(PLl/S1)wd wP2aP2up2u(2,/(P2aP2)=1,/(S1*S51))/(PPeFO)e(wl )
RSPu=(S1/P1)%4,eP2%P2#P2#(2,/(P2*P2)=1,/(S1%51))/(31P*FO0)
RSS=+FOB/FO

PRINT 2014,

PRINT 102,HPP,HPS,HSS,HSP,RPP,RPS,RSP,RSS
HP=Pl /P2

HS=S1/8S1P

RE=S{P*P1/(S1«PP)

RHmPP«S1/(P1«S1P)

Dé 600 J=2,10

BBBwJ

X=100,+BBB

D8 600 I=1,5

CCC=]

DmHe(,2eCCC=,1)

PRINT 500,D

PRINT 501,X

ALLl=X#P2=(2 #H=D)=PP

BLisALLlww] 5

CLimAL1/P2

Ull=HPP*HP/BL1

Ul2mHPP*RPP«HP/BL1

Ul3sHPP«RPS*HS/BL1

AL2uX#P2« (H=D)*PP=H*S1P

BL2mAL2w%»1 .5

CL2=AL2/P2

U21=HPS*HS/BL2

U22=HPS+«RSPeHP/BL2

U23sHPS*RSS*HS/BL2

AL3IsX#P2=(2 ,wH=D)*SiP

BL3=mAL3wwy 5

CL3I=AL3/P2

U3LmHSS*HS/BL3

U32mHSS*RSP+HP/BL 3

U33mHSS*RSS«HS/BLJ

ALd4mX#P2eHepPP=(H=D)*S1P

BLA4mAL4ww] 5

CLa4=AL4/P2

U41=HSP«HP/BL4

U42mHSP«RPP«HP /B4

U43mHSP*RPS*HS/BL4

ALSmX#P2=(2,%H+D)»PP

BLSmALSww] .5

CLS=ALS/P2

US1=RPP«UL1#BL1/BLS

US2=RPPwU12#+BL1/BLS

US3=RPP=U13«BLL/BLS




AL6sX#P2=(H+D)#*PP=H2S{P
HL6=ALOwe] 5

CL6=ALB/P2
UbLl=RPP«U21«BL2/BLS
UB2mRPP#U22«BL2/8BL6
UbSsRPP»U2S#BL2/8BL6
AL78X2P2=(H4D)*PP=H=S1P
BL7mAL7 %} 5

CL7=AL7/P2
U71=sRPS«RHwU41+BL4/BL?
U722RPS*RHwU42«BL4/BL7
U73=RPS*RH*U43»BLA4/BLY
ALB8nX#P2~2 ,«HaS{P=DaPP
BLB8=wALB#+1,5

CL8=AL8/P2
UBL1=RPS#*RHeyU31*BLI/BLSE
UB2=uRPS#wRHwU32#+BL3I/BLS
UB3wRPS#*RH»U33I*BL3I/BLS
ALO9uXaP2w2 , aHePP=jaS1P
BLO9mALQew}] 5

CL9=AL9/P2

U9ime]l +RSPeRE«UL11#BL1/BLY
U92==1 wRSPeRE*U12«BL1/8LY
U93m=] ,»RSP«RE»U13#BL1/BLY
ALI1O=X*P2=HaPP=(H+D)uS1iP
BL1O®AL{Oww] b
CL1Os=ALL1O/P2

UlOi==1_ #RSPwRE#U21+BL2/BL10
U102a=1,«RSP*RE*U22+BL2/BL10
UlD$me] ,#RSP*RE®U23=8L2/BL10

AL1lsX*P2=HaPP=(H4D)2SiP
BLii=ALllwew] 5
CLit=ALLlLl/P2

Ulllm=] #RSSwU4iwBLA/BLII
Ull12==1,+RSSwU42+BL4/BL11
Ulidme]  wRSS2U43eBLA4/BLLL
AL12sX*P2=HuPP=(H4D)2S1P
BL12wAL12#w] 5
CLi12=AL12/P2

UlQlm=]l *RSS»U31*BL3I/BLL2
Ui22==]1 ,»RSSwU3I2+BL3I/BLY12
UlQ23®=] #wRSS»U33I*BLI/BLL2
Ul=uli+ul2+yl3
AU2s(U21+U22+U23)/U1L

AUS= (US1+U324U33)/U1L
AUdm(Udi+ua2+U43) /U1
AuS=(UBS1+US52+uU53) /UL

AUbs (UB614+UB2+4U63) /UL
AU7=(U714U724U73)/7U1L
Au8=(u8il+u8B82+U83)/U1

AU9= (U9L+U92+U93) /UL
AULO=(U101+U1024U103)/7U1
Auits(uiti+uti2+sutt3)suy
AUle=(Uui21+U322+U123)/7U1



WisUllwyPet)12%VP4UL13nVS
AW2m (w21l wySeyU22«yP+U23wVS) /Wi
AWIm (w3l aVSwUI2eVP+UIInYS)/WE
ANAm (+U41wVP=Ud2*VP+U43IwVS) /WY
ANSe (4+UDIwVP=UDB2eVP4+USIeVS) /NI
ANGR(=UBLwVS=Ub2eyP+UBI#VS) /WL
AWN7 = (+U7 L *#VPoU72¢VP+U732VS)/W}
ANBo (=UBLlaVS=UB2+VP+UBInVS) /WL
ANOm(+U9LIwVP=UG22ayP+UI3aVS /WL
AW10®(=ULOL1»VS=UL02«VP+UL103%VS) /WY
AWLIm(+ULLl1aVP=ULl12«VP+UL13eVS)/WL
AWNL12e(wyl21eyS=Ul22«VP+yi23eVS) /W1
PRINT 3U0,w1
PRINT 303,AW2,AW3,AN4,AND , AWG,ANT7 ,ANB,AWT , AWL0,AWLL,ANL2
PRINT 301,Utl
600 PRINT 302,AU2,AU3,AU4,AUS,AU6,AU7,AUB,AU9,AULO0,AULL,AUL2

END
EBF

27554515

0288





