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ABSTRACT

The travel tim@; pariods, and amplitudes of SKP core
waves have beéen inmvestigabed for zshmk,s of normal, 60 lkm,
and 100 km depthss |

For shallow shocks, muz:i;:lplé SKP phases are obssrved
as long as 5 seconds after the initlel SKP motlon on
short perlod instruments, and as long as 87 seconds on |
long p@ﬁ@d instruments. Amplitude date indlcate that
| each qmiltiple phase has a focal polnt similsr to that of
the initi«dl BKP phase. The focal point for waves having
perleds of 1 to 5 seconds occurs st 13139, and thet for
waves having perlods of © to 10 seconds 1s broadly defined
betwesn 130 and 1319, Short psrlod SKP phases extend
Prom 129 to ab least 1L0°; and long pericd SKF phases;
frem 125 to 14B9, The long period waves are belisved to
be dlffracted from the caustic in sccordance with Adryis |
hypothesls. Maltiple reflecticons and refractions in 't}w
outer lavers of the mantle scenms wore plsusible as &ar;
explenstion of maltiplicity than disp@:t’?ﬁmna

In order to analysze the ensrgy content of the SKP
phaises, a sysbem was developed for d@tﬁzﬁmimngth@ magnis
Plcetions of the ground mobien of seismometers from thedr
| 3“&&@‘1“‘@.3 of earthguakes. ’

As an me?immt; theoreticsl travel times for FKP,

SKP, and SKS wers computed by lntegration slong the travel
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paths. For this purovose, the velocity distribution within
the earth was broken intc segments wilch were represented by
continuous functlons, The resultant travel times are not
valid for rays of grazing incidence to the core. The

times computed for PKP and SKP are intermediate between the
smoothed times given for them by Jeffreys and the times for
them based unon recent observed data. Tne theoretical
travel times for SKP provided & basis for the analysis of
the enerqgy content of the SKP pnases,

For all tvpes of SKP phases, trne energv content of short
pericd waves 15 a small fraction of that of long period waves,
For vertical instrumenis, ine agreement between theoretical
and observed values of energyv 1s goods For horlzontal
Iinstruments, the observation of too little encrgv is not
satisfactorily explained,

SKP", the $KP phase associated with the inner core,
is observed between 114° and 125°, It records with periods
af 1 to 3 seconds on both long and saort period instruments.
The observations of SKP" present additional support for the
nypothesis of =3 large, hut continuous increase of velocity
at the transiticvnal boundary of the 1nner core.

Evidence for a difference between the travel paths of
short and long period waves is less apparent for SKP than

Ffor PH2,
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- THTROTUCTION

FKS 13 a bodyr selsmic wave corposed of thrse parts,
namely, WP%, XN, and NG, WPh i3 a longitudinal WaYe
" which travels through the mantle, from the shock hypocember
to the core. "K" is a longltudingl wave which travels
through the core. PSM is a transverse wave which travels
through the m‘a'mla, from the core to the observing sbtation.
For SKP, a shesr wave leaves the hypocenter and a longle
tudingl wave arrives aﬁ: the cbeerving stabion. Hence,
the path relutionship of SKP to FKS iz reversed., For a
ghock of zero focal depth, PKS and SKP should have ldentical
travel times. For increasing focel depths, the interval
by which SKP leads PXS sheuld increase,

The path rel%ionsﬁip@ ¢f FXS are shown in figs ls
In fig. 2, travel times for FKS computed by Jeffreys (1939¢)
can be cempared with those syntheslzmed by the method of
Wadati and Masuda (1934) from travel times given by Jeffrsys
(1939a) for PeS and from travel times givem by Cutenberg
(1951e) for K, In the two figures, “am, ™0, %ﬂ; and "n
designate corresponding ray paths and travel times.

At an aapicentraz. disterce of sbout 1317, PXS rays
t:omez“g@ to @ foous, This is 2 result of the fact that
the lﬁngi‘mdimi velocity drops from sbout 13.7 to sbout
8.0 km/sec at the care boundary, The focal ray path, "bf,



is analogous to a light ray beling transmitted at the angle

of minimum deviation through a prism. Unlike PKP, the two
focal branches of the PKS travel time curve are not easily
diétinguished from each other. This is a result of the

fact that near the focus, the upper branch follows the

lower, main focal branch by a very short time, and at

larger epicentral distances the uonper branch probably_records
with much smaller amplitudes than does the main branch.

The difference between the two travel time curves In
fig. 2 results primarily from the difference in core velocl-
ties computed by Jeffreys (1939c) and Gutenberg (195l1a).
{(See fig. 3.) The slope of the upper focal branch, "a-b",
is similar for the two travel itime curves. The focal
distance of 130¢ computed by Jeffreys checks within a
degree or so of the new curve. The distance at which the
"pP" component of PKS grazes the cuter core is 148° for
Jeffreys's curve and 143° for the new curve., Wnich of these
two values is more nearly correct is difficultl to verify
hecause of the low amplitudes associated with rays which
have a travel time curve whose slope aoproaches that of a
straight line. The epicentral distance calculated for the
grazing ray is sensitive to the velocity gradienl assumed
to exist just outside the core.

The apparent surface veloclity (the reciprocal slope

of the travel time curve) of the main focal branch, "b=-c”,
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is larger for J@i’ﬁ'wﬁg QHI‘;XT@ than for the new curve,
because Jeffreys computes higher velecitles for the outer
core than dﬁ@s\(}ntenbﬁrg@

The sxlstence of an "immer? core was postulated by

>5Iim Lehmarn (1936). She centended that the mmplitudes

af PN were much too large to he ascribed to diffraction
assoclated with the caustic of FKP, but that they could
result from the effects produced at the boundary of &
high velocity Minner® core. This hypothesls has been
corroborated by Jeffreys and by Gutenberg ard Richier;
however, they differ in their imterpretation of the neabure
of the inner core bheundary. Jeffreys (1939c) assumed,
for convenience, that true refllection occurs at the irmer
core, and calculated thet the velocity must decrease
abruptly by 3/h ¥m/sec at a depth of 4970 km.

Malking no assumption as Lo whether or not the revers-
| ed travel time segment, “c-d", results from reflection
or refraction, Guberberg and Richter (1938 =nd 1939z), using
the method of HerglobzeWelchert=Babeman as extended by
Sldchter (1932), calculeted that the wvelecity increases
gt the inner core boundary. In kis latest rwisﬁ.cn of
core velocities, Gubenberg (1951la) calculates that the
weloclty a‘h tl;@ inner core incresses comtimwusly by 1.1
¥m/sec from a depth of 51C0 km to 5300 km, His revision
is based mainly upon the new travel time data for PV



pr@§@nted by ﬁensan (1950),

Th@ main focal branch of FKS, Mh=gh, exiands'fﬁum
130 4o 1400 for Jeffrey's curve and from 131 to 1490 for
the mew curve. "e® repressuts th@ ray whlch grazes the
B Inner core, _Thé apleentral disbence for "e™ is less
fbr the hur@@ of Jeffreys than the new curve, partly
becsuse Jelfreys calculstes 130 km less depth to the inner
core than deoes Guienberg; end partly because Jeffreys has
caleulated core velocities which have higher gradients
than thoss of Cutenberg. High veloclty gradients produce
grester rgy curvature, mmd accordingly reduce the central
angle subtended by a ray in the core,

For PKP, Densen (1952) preserts evidence that the
short period waves and the long perlod waves are separated
from each other, and cencludes that they mist travel over
differsnt paths through the core. He found that the short
period focal point ocours at 1479 and that the long period
Pforal point is broadly defined near 3%, Por the lower
focal branch of PKP, the energy of short period waves atten-
uates beyond tre focusy whersas , long pericd waves persist with
large amplitudes as far as 157% At 157° he believes that
the PKP travel time curve reverses as a result of refraction
produced by the 'trmsifl:.icm zona of the lmmer cere boundmry.
He also cbserved that for PN , the energy of short perlod

waves 1s large between 120 and 1259, ard for distances
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less than 120°%, P 15 observed only as short period
motion.

On the basis of Densonis findings, Guterberg (1951a)
postulstes that the reversed segment of the travel time
- curve of P" between 157 ard 1209 is refracted by the
inner cors, ard that foecul roints exist at 187 and 120°.
'He ascribes observations of FY between 105 and 120°
mainly to reflections from the inner core.

The purpose of the pressrt invastigstien iz to study
the bravel times, periods, and energy of S¥P and related
phases, and to determins if the fsstures cbserved far SKP
are consonant with those observed by Densen for FKP,
Associated with SKP, there shculd be an inner core vhase,
SKP®, which is analogoug to F", the inner core phase agsso-
ciated with PP, Observaticns of SKPY should furnish
corroborative, and perhaps additional, informetion about
thz naturs of the transition zcrne ab the boundery of the

inner core.
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MATERIALS AND PROCEDURES

Selsmogrems recorded abt Pasadena, at some of its
awxiliery stations (Tinemaha, Halwes, Riverside, Mount
Wilson,and China Laks), and at Huancaye comprised the
nain source of data for the study of SKF and related
phases. Some data were obtained from sslsmograms recorded
at Tucson, Yeston, and Harvard.

The original travel times glven for SKP by Gmt@aberg'
and Richber (193L) were based largely upoen the data ob-
tained from the Sumatra shocks of 1931, Coples of the
original selsmograms, which were recelved from all parts
of the world, provided scme materdlsal for the present sbudy
of SKFP.

Mogt of the selsmograms from Pasadena; #ll those from
its auxilisry stabions, and all those from Tucson, Weston,
and Harvard were recorded by either short op 1@ngbp@?i@ﬁ
Berlofl varlable-reluchance seilsmometers. A few sarly
Fgﬁad@ﬂé selamograms wers recorded by experimental selsmo-
neters, The seismegramg from Husncayo were recorded Ly a
vartical, long period Benloff and by a palr of horizontal, long
period Wenner instrumenbts. The selsmograms of the Sumalra
shocks of 1931 were recorded by a wlde varlebty of long period
instrunents,

Because of the relative scarcity of good daba for SKP,



records of widely varving quality were Investigated.
Readinys were taxen from seisnograms recorded as early
as ]1948 atl Pasadena and as early as 1332 at Huancavo.
with the exception of several Sumatra shocks recorded in
the fall of 1951, no shocks recorded after 1950 were
Investigated. The snocks examined ranged in magnitude
from 8 to 8.5 on the Richter scale. Snccks of very large
magnitudes were frequently rejected on account of thelr
complexity.

A range of esicentral distances from 1U5° to 1559 was

exanined, The distribution of data with epicentral distance
was uneven. For the study of SKP, a seriocus lack of data
existed at 1359. llost of the examined shocks which were
recorded at rasadena, its auxiliary stations, and at Tucson
originated in the Sunda Arc., A few originated in the Indian
Ccean and Southern Antilles. At Pasadena, Sumatra shocks
vielded a large number of date [or the study of the SHP
focal point., The examined sihocks which were recorded at
Huancave originated in the western half of the Paciflic
island belt. About 80 shccks originating from shallow
depths and 105 shocks origineting from intermediate deptns
were examined. Data from shocks originating at depths
greater than 200 km were not used because of the difficulty
in separating »>, pPP, and SPP from SKP.

Origin times and gecgraphical coordinates were taken
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pmily from Qutenberg end Rickder (1949), mnd the rest
were taken from elther the Inbernablonal Selsmologleal
Swmmary or from the privete files of Dr, Guberberg, Eple
ecentral distances were computed by use of the geocentric
labitudes am‘l sbabtion coordinates published in the Inter=
ﬁation&llﬂeismmlogical Swinary. Epicentral distances to
the suxiliary stations were computed by applying small
gorrectlons to bthe sploentral ddstances obbtalned fb:r
Pasadena,

The origin times at sach @%a@ibn'were adjusted on the
basis of their quelity and the devlation of the travel
times of P® and PP from the values glven by Gubenberg and
Richter (193L and 1934). Hegative corrections as large
ag 10 seconds vere necessary [or nany of the shocks of
magnltudes larger than 74. Very large corvections were
nob accepted unbll they could be justified on the basis of
the residials given in the International Selsmological
Summary for P=0 and other prominent comparisons. The timéﬁg
periods, and amplitudes of all phases oceuring within 13
minutes after the indtial ZKP motion were measured, AlL
picks® were gfadﬁd on the basls of thelr distinciness
and prominences. Most Ppicks® of very low quallty were
rejected for the fingl travel time and "A" wvalus plobs,
Because of a lack of information regarding the instrumental

constants, some selsmograms, such as those recorded hy the
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Huancayo long pericd Benloff vertlcdl instruments; could
be used only for travel times. DBecause of very largs
origin time corrvections or becauss of complex motion,

gsome selsmograms were used only for the study of energy.
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CALIBRATION OF THE SEISMOMETERS WITH
SEISHMIC DATS

Marinsp (19§Qj3 Hoonsy (1951), and Denson (1952) each
studied the energy of selsmic body waves reaching the sarthls
surface Wy ascsertaining the retlo of the snergy in the phase
of "Intersst to thet of a well established phase, such as,

P or FP. The adventage of the ensrgy retio method 1s thed
1t is essentlally independent of the distribution of ensrgy
Imparted to transverse and loaglbudlngl waves 1f the two
phases ugsed for the energy ratio leave the hypoceater with
the szve mode of vibratlon, Other advanbages are thatb

sarthquake magnitudes and absolube instirumentel nmagnili-

[e]

ations need not ve knowm, It cannob be used to invesiigate
agyrmetrie varistion of seilsmic energy with azimubh, The
anergy vatio mgthﬁd involves mere error arising from the
maasurenents of amplitudes and perdods then the direct
mebhod, for twice as many measursments are used for the
ratio method than the direct methoda

Because FP 1s often too small for measurerent or else
inseparable from SKP mﬁtiéns il does not make a good sbandard
for comparison with SKF. P" is usually large and distinet
encugh, but its energy has not been accurately enough deter=
mined o be used as a standard. Since there was no phase

suitable for a standard, the absolute magnifiecsztion of the



instruments had to he determined in order to study the
energy content of SKP and related pnhases. TChanges in the
gain settings of the FPasadena and auxlliary station instru-
ments had not been recorded, for they were used primarily
for studles of travel times rather tnan enerqgy. Consequently,
the onlv way 1o determine the magnification of these instru=-
ments for any pericd in the past was to make use of tne
recorded seismlc gJata. Selsmic data were also used to deter=
mine magnifications of tnhe instruments at Huancayo and
Tucson.

For the calibration of Lhe seismometers hy use of
seismic data, the amplitudes and periods of P, PP, and $
were measured for shocks ¢f magnitudes from 7.0 to 7.7,
Tne epicentral distance for P ranged from 30° to 90°; for
PP, freom 85° to 1309; and for &, from 30° to 100°., Readings
were not taken at epicentral distances where the "A" values
given by Gutenhberg (1945a; change abruptly.

The equation used to determine the magnirication was

adapted from equations developed by Gutenberg (1945aj:

W |
§ + G+ KM - 7) (1)

et

log B, = A_ - M + log[

o o]

= absolute magnirication.

A= energy parameter., Values of this
parameter for P, PP, and S at variocus
enicentral distances are listed by
Sutenberg (1945a).



M = earthguake magnitude as given by
Gutenberg and Richter (19L9).

W= trace anplitude,
T = pericd,

G = statlon ground factor as given in
table I of Gubenberg (19L5b).

¥(M=7) = a residusl factor given by Guberberg
(15L5a) for the magnitude determination
of sarthquakes from selsmic body waves,
K= 0.1 for 6.5< M & 7.5, 0.0 for M ¢ 6 25,
and 0,25 for M > 7.5,

Actually, the effect of the stablon ground factor,
nGgY, is nnllified if t’}@ magniflcation curves computed
Ifrom earthguske dabta are used Lo debermine "AY valuss,

If the ground factor is omitted in egqua. 1; the magnifi-
cations obteined will be relative rather than absoclube.

The ratios of the magnllficatlon debermined Wy earth-
quakes to the magmification read from reference frequency
response curves were compubeds Drs Markus B%m deternined
the absolubte megnlificabtlon of the shorl and the long psriod;
Benloff vertleal selsmometers at Pasadena in 1951. His
velues wers used, respectively, azs reference curves for
a1l the short and the long period Benloff seismometers
to be calibrated, both vertical end horizontals

Records of the indleial response tests for the Huancayvo, |
horizontal Wenner selamometers indicate that ths pendulus
and galvanometsy perlods eare signlficantly longer then the

values listed for them by Wemner (1929) for instruments of
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his design. For a reference curve for the Huancavo instru=-
ments, a frequency response curve based upon the actual
pendulum and dalvancmetler periods was computed. The peak
magnification of tnis curve was set equal t¢ that tabulated
by Yenner (1929}.

The logarithms of the magnification ratios were plotted
for each instrument on a separate graph. The log ratios
were plotted as ordinates and the dates of the earthquakes
Jor which thne ratlos pertained were plotied a3 akbscissace.
Fig. 4 shows such a plot for the Benioff, short period,
vertlcal instrument. The use 27 logarithms gives a statis=-
tically normal distribution of polints. The verv low values
from 1944 to 1948 indicate tnat the sensitivity was defi-
nitely lower during that period. The only oiher instrument
which appeared to have had a large change in sensitivity
was tne Halwee, short period, Benioff vertical instrument.

The mean value of the log ratios was taken for each
period in wihich the graphs Indicated no change in sensi-
tivitye Tne antilog of tinis value, designated as the
"sensitivity factor"”, appears in the lasti column of table 1.

The standard deviation of the log ratlcs was generally
about U.3., Tiils indicates tnat tne standard deviation
factor for the sensitivity (see table 1, was about 2. For
a standard deviation in the loo ratio of G.3, the Student's

4" distribution of statistics indicates that at least 30



1log ratios must be averaged if there is 1o be 95% confiw
dence that ths true mean will nob differ by more than 0.1
Prom the sample mean, or in other words 30 readings are
necessary to be 95% certain that the sensitivity is not

in srror Ly more than 29%, An abunormally high value for
the sbandard deviation facter would suggest that the sensi=-
tivity had been changed within the tinme interval for which
the mean value of the log ratlos had besn delermineds

Since the sensltivity of the H=S somponent wes suse
peeted Lo differ appreciably f{rom that of ths E~Y conponsnt
for each paly of horiszontal instrunents; the components
were callbrated separstely.

Tgss 5, 6, and T indicate thet the procedure of
dviding the amplitude of & P ar FP wave by the cosine of
the aaimathal differsnce bebussn the direetion of wave
propagation and the selsmometer regponse axls prodices
aver-gorrection. bHoth figures show that the log ratios
increass with an dncreaze of the azimuthal differencs; § »
Thas the energy recorded for P and PP is sizable sven when
the recording instrument isg transverse to the direction
nf propagzations This may result from the fact that there
iy 8H motion mixed with P motlon or that appreclabls P
energy has been horizontally refracted hy lateral discone
timalties iu the sarthls crust.

To eliminete such over=corrsciion, the amplitudes were
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TRAATIOH OF SEISE

TERS BY HEANS OF EBARTHOUAKE 14

Iocation Type of Instrument Calibration Dates Fumber of Grouad 3tandard - Fendulum gelvanometer Observed Meonifiention Sensitivity
Otservations Factor Deviation Period Perlod liecn et liean Facter
Factor Period Period
Fasudens Short Perlod Berloff Apr.l,36 - TFeb,l1,44 55 0.2 2.3 0.99? 0.199 1,38 2,870 24 C.422
Vertical Peb.28,44 ~ July 17,46 29 0.2 2.1 0.997 0.19? 1.13 3,550 t53 0.270
: Aug.2,46 - July E,47 19 0.2 1.8 0.997 0,197 1,33 2,020 =2 G. 202
July 9,47 - Jan,1,5l 54 0.2 1.¢ 0.999 0.19 1.32 3,230 *1 0.330
¥t, Wilson " Oct,.5,36 - Sept,.27,49 37 0.2 2.1 1.0? 0.19 1.28 z,560 *Llv 0,335
Tinemaha " June 13,38 - Sept.27,4% | 64 0.2 2.3 1.07 0.17 0,85 2,407 21 0,150
Riverside " June 30,26 - Sept.27,49 58 0.2 2.3 1.07 0,17 1.07 1,880 247 0.153
Faiwee " Jan,25,39 - Sept.27,49 ' 28 0.0 1.9 1,07 0.17% 0.91 0.0"8
Tucson " May 33,38 - Oct,23,50 a4 0.0 2.1 1,03 0.236 1,62 2,110 *2:0 0.2.0
Fasadsna Short Period Benioff Mey 23,%8 - Dec.2, 50 48 0.2 2.0 1.0? 0.19? 1,18 4,590 22/
N~3 Horizontzl
Fasadens Short Perilod Benloff Dec.23,37 - Dec.2,§ 46 " 0.2 1.8 1,07 0,197 l.18 4,100 f19, 0.356
E-¥ Horizontel
Fagadens Long Period Benioff June 10,38 - Desc.2,50 62 0.2 2.0 0.992 l.12 .36 *e05  r1o% 0.970
Vertical
Fasadena Long Period Benioff Feb,21,37 - Dec,.2,E& : 46 0.¢ 1.8 0.997 0,98 3.18 55 X187 0.2%0
W-S Horizentsl
Long Pericd Beniloff Dec.R3,37 - Dec.2,8t0 46 0.2 2.2 0.99? 0,78 *,55 1,142 r267 1.276
E~¥ Horlzontal :
Fuancayo Long Period Wenner Oct.2,32 - Nov,Z2E,42 48 0.C 2.0 8.5 11.8 6,25 000 f21% 0,854
M-8 Horizontzl
Fuancayo Long Perilod Wenner Cct.2,32 - lov,28,42 44 0.¢ 2,0 943 12.8 6.27 1,000 %235 0,039
E-W Horizontal

Bathts Value

Table 1,




2
divided by a parabolic function, 1= 0K, whers € equals
the azlmathal difference, and X is a constand determined
Prom the ratic of the squave root of the energy appesring

on an instrument oriented transverse to the direction of

B propagation to thel appearing on an in-line instrament.

Binne 'bh@mv were only s few czses whers z pair of horizental
instruments were so orlented, 1t was necessary to extra=
polete the values for the recorded energy to what they would
heve haan for such an ovienbabion. The sxirapolation thus
produces, in effect; a rotetion of the horizontal insbru-
meﬁ%sm In order to extrapolate, velues for X were initlally
assumed, end subsequently refined by a ﬁ?ﬁ%@@ﬂbﬁf successlve
approximetion. Energy values which required more than 300
of extrapolation were not used, for the ability to relfine
an assumed value for X is maximum when the horizontal com=
ponents are transverse and in=line, and nll vhen they are
oriented st angles of LE® with respesct to the dirsction of
wave pr@pagatian;

Since an snergy retio comparisen for a pair of horde
sontal instruments depends upon the relstive sensitivity
of the instruments to each other; ss well as ¥, the entirs
calibretien pré@edur% had to be repeated until the values
determined for the sensitivity ratio end ¥ remained station-
LY s

In fig. 8, the upper three curves ave plots of the



hordzontal noz%r%ti&m factor 1= 91}2'5 where K serves as a
parameter. Each :mrwe\ indicates whal the amplitude of a
wave recorded as unlty on the ine-line ccmponent would bz
for various azimuthal differences, For 6= 90, the short

. peried Benloff instriment has an anpllitude equal to 0.0
that of ﬁts in-line vslue; the long perded Bendoff, 0.63;
and the very long peried Wemner, 0.L5. This indicates that
the lenger the perlcds which debermine the instrwsental
response, the "purer" is the motien recorded for P and PP,

Since shear waves consist of both SH and SV components,

not used to callbrate the horizental instruments,

The gain ratics of both the long and short pericd
instrumernts sppeared to be independent of the type of phase
nsed for callbration. This attests the relative accuracy
of the Outenberg A" values for P, PP, and § to sach other.

 The lowermost curve in fig. 8 is a plet of the ﬂozw%mﬁly
used correction factor, cos €., If this factw vere used
for szimuthal differences ranging between D and 45°, and
the value for cos L5Y, 0.707, were used for azimuthel cdif=-
Terences ranging bebusen LE and 90°, the resultant error
| would nob be overly Vlargm This was the procedure ‘adt:»p‘ted
for the analysis of SKP and related phases when data were
gvailable from only a single horizontsl component. Vhersver

possible, however, the amplitudes were combined by vectorisl



addition of both components.

The fach that for shallow shocks, SKF znd PKS motion
have nearly the same travel time, and the fact thst SKP
and  FKS and zlso pSKP and pPKS should hsve exactly the
sane i:r*a%l iimes weuld tend to complicate azlmuthal studs
les of BKP gﬂd relsted phacses.

In taeble 1; the arithmetic mean for the pericds of

the coserved waves and their respective magnifications are

| listed for each instrument. Ths magnificsation for the
Pasadena, shord "p@&*i@ﬂ s vertical instrument for the period
from July 9, 1947 to January 1, 1951 was taken directly
from Bath's curve for the instrument; for his celibration
is believed to be valid for this pericd. The magnification
for the ?asad@‘na; long period, vertical instrument was
teken directly firem hlg curve for thab instrument; the
curve being assumed wallid for it eince 1ts inception, The
Agensitlivity factor® for the shord peried instrument is
listed as 0,330 and that for the long perdod instrumert as
OgE’?b. Values of unily would indlcabe perfect agreenernd
with the reference curves. The long period "sensitivity
factor® agress with a value of unity well within the limits
of emrimemai error. Howsver, the short period "sensl= |
tivity factor® 1s mueh too small to be aseribed to experis
mertal srror, and probebly indlcates that less energy was
mnmﬁded 'b:;r ghort than by long pericd instruments. Accord=

ingly, the "A" values listed by Gubtenberg do not seem to
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be iﬁd@p@ndbm%‘cf the wave perlod,

Figs. 9 to 1k a&s@ plots of the log of the magnif=
ication ratio versus the period of the phase used for
cdlibration. With the exception of the spparently randem
" plot for the Wermer instruvents, the graphs indicate that
the valné of the log ratio increases with increasing pericd;
Unless the shapes of the refersnce curves were in error,
tis increase suggests a rise of ensrgy® recorded for
lenger period waves on Berdioff instruments. This rise
prdbabxy ceases for p@fied@gﬁﬁmﬂg ag those recordsd on
the Werner instruments. Since the Riverside instrument
‘has a galvanometer period scmewhab shorter than that of the
Pasadena instrument used to debermine the short period
reference curve, the Riverside instrument would be expected
to show a drop of energy with increasing period. DBecause
the reverse 1s true,; the slope of the plot for the Riversids
 instrument has added glgnificance.

For each instrumert, the msgnificabtion of the mean
peried was determined by multiplying its value on the
roeference curve by the "sensltivity factor?. Howsvey,

becsuse the "sensitivily fact@w” of the instrument which

#8trictly speaking, unless the total duration of a
phase iz eonslidered, the computed magnification ratios
depend upon relztive Wpower® rether than relative energy.



furﬁis‘had tha short period reference curve was too small
by a factor of three, the magnifications obtained for the
other short périod instrunerts were increased by a factor
of three,

The Huancayo instruments indlcate a "sensitivity factor?
close m‘ unityg Since for the periods of the waves imrwm
ti.ga’ged; there was only a small difference between the
magnification of the reference curve used and that given by
Wenner (1929), the Huancayo instruments heve been, in effect,
ﬁperatingrat magnificetions close to those specified by
Wenner for instruments of his design.

Ceomplete magnification ¢urves wers debermined for eaﬂh
ingtrument by use of the magnification of the mean period
listed in table 1 and the responsge factor for eritieally

damped electromagnetic instruments:

T

Responss = — n (2)
’ I T
T

T = period of wave motion
T 0= period of the pendulum

ng pericd of the galvanomeher

Barthqueke date were alse used to determine the magni-
ficeblons used Tor sarly Fasadena selsmograms, for the

seismograms of the 1931 Sumstra earthquekes obtained from
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mamﬁ'pa?ts of the world, and for the selsmogrims recelved
from the United States Coast and Geodetic Survey, Harvard,
and Weston, Because of the limited amount of data availe
able for such calibration, the magnificatlons obitained were
- nob nearly as accurate as those given in teble 1l. In soms
cases, the "AM values of Gutenberg (15L5h) for shocks of
intermediate focal depth, and those of Densom (1950) for P
were used, Reference curves were consiructed by substie
tution of the sppropriate instrumentsl constants in squa. 2.
The magnificationsobteined for short period instrument s
were multiplied by a factor of three to allow for the age
sumed dependence of "AM values upon the periocd. Th@ magnle
fications obtained were not sbsolute because the statlon
ground factors were unknesm; however, €$ mentioned before,
this does not preclude the use of such magnifications for.
N yalue studies. |
Nﬁm&rou% censes can Le advanced to explain the large
standard deviation factors observed for the galn ratlos
shown in tsble Lo Such causes are not independent of esach
other:
1. A" values are not independent of frequency,
2. The besic asswiptions upon which the magnitude
‘scale depends are approximate empivical re-
lations. (See Guterberg and Richter 1942,
and Gutenberg 19L5s.)

3o Energy emsnstes from the hypocenter of an
earthqueke agymmetricelly with asimuth,
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The armplitudes of waves incident te the
gurfzce are dependent upon 1its ”acoustic
impedance®, thet is, the product ofnvmlgcity
of propagstion and the density of the trans=
mdtting medlum. Unless Polsson's ratio
remains constant, the amplitudes of P end §
waves will be differently affected by the
uppermost crustal meterlals. The ratio of
ground displacemsnt do the amplitude of an

~incident wave is 2 function of the wave type,

Polsson's ratio, and the angle of incidence
to the surface (9se Gubtenberg 19L4L). It is
also possible that the angle of incidence
depends somewhat upon frequency.

The use; therefore, of a fixed station
ground factor to account Tor &ll these vars
iables results in error dus to oversimplis-
Picetions

Equas. 2 is derived for steady state solutions,.
It can be showm from Fourler dntegral analysls
that the sideband snergy of a pulse consist-
ing of two cycles of a simple sine wave is
very @ualls Unless the observed pulse is
urmsuzlly short, or else the frecquency re=
sponse curve 1s qulte steep, the use of steady
state frequency response curves for pulses
comprising rather simple sine waves will cause
little ervor. '

However, Berlage (1932) shows thet con-
plderable error can result from attempts to
measures the fundamentsl frecquency of damped
oseillatory pulses when the mesasurement of the
rericd 1s taken as the time between successiva
alternate peaks. He analyges a pulse defined
by

=t
Ate ginwt

where "A" ig an amplitude consbtant, "t" is the
tine, MM i3 a dgﬁping consbant, and P ia

tha Tregqusncy. He shows that the time measnred
between successive alternate peaks recorded by
a selsmometer functioning as an accelerometer
caen indicate a pericd which is too small by a
factor of two.
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&, Sometimes the maximum amplitude within a
phase doss not signify maximum energy. In
Tigs. 15, a slope of UE® to the right indi-
cstes that energy is constard for waves of
a constant amplitude, but differing fre-

 quencies. Thig slope for the short peried
Benloff instrument is much steeper than L5,
Consequently, Tor waves of a glven amplitude,
those with the longer periods contain more

enérgy. For the Husncayo instrument, the
storter periods would carry mors ensrgy, for
all but very long periods.
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OBSERVED LATA

Travel Times and Periods
(Shallow Shocks)

Figsa 16, 17, and 18 (in pockebt on back cover) give
the unsmoothed data used to szalvze the SKP trevel times.
Slx rather definite phases appear on both the long and the
shor% pericd wvertleszl and horizontal instruments. These
six phases agree closely with the times given for them by
Gutenberg and Richter (193L). Two additional phases are
sometlimes well recorded &t later times on the long peried
ingtrumerts,

OUn the short pericd vertical instruments, the First and
generally the principal phase, 18???s oceurs 1 second sarlier
than the times listed for it by Gutenberg and Richter (153L),
On the long period wertical dnstruments, its travel time at
~the foeus sgrees with that given by Gubenberg end Richber;
btut it oceurs sbout 3 seconds sarlier b 0%, On the hord-
zontel instruments, the travel times oceur 1 to 2 seconds
later than the velues given by Guhtenberg and Riehter. This
probebly results from the fact thet PXS motion, which records
with larger amplitudes on the horizonbal instruments thamr
8EP, has a travel time slightly longer than SKP, even for
shallow focus earthquekes., Generglly, RSXP is dmpulsive;

in some shocks howsver, especlally those of large magnibude,



it ié clearly emergenb. (See fig. 19.) Usually, P%, PP,
and, SKP are either all emergent or all impulsive.

| oSKP occurs 7 to § seconds after ZSKPQ Cn the long
period iﬁst?umentsg 887 is usually masked by the motion

2

- of lSﬁP, which 1s usuelly larger than QSKPQ

B‘SK}’ occﬁrs about 16 seconds, and sometimes as sarly
as 12 seconds after 4SKP. On the short peried vertical
Instruments, it 1s often followed 5 seconds later by another
phese of similar amplitude, BbSKP” BSE? mey have amplitudes

as large as those of ESKPa The periods of BSKP are usually

longer then those of 35:@“%{?3 SEF is strongly related to

3
prominent secondary phases assoclated with PY and PP. The
time interval between the secondsry phase and the principal
phage fer PY and for PP is smaller then that betwzan 33.%{?

and 15&1’@ SKP probably repressnts a phase reflected from

3
- the surfaces Fig. 20 shows a clear example of 35}{?«, I%
appears to be mx;‘:, of phase with KSKP, and is suspscted to
be _SKP,
L=

hSK? ococurs 27 ssconds lzber thanm }SMQ 0n the short

1
period verticel instruncnts s 1t is followed 7 seconds later
by another phase of similar amplitude, hbﬁc?’ 1JSKP genarally
has large anplitudes on the long period horizontal instrue
- ments.
5,;.‘3}{13 oocurs about L3 ssconds after 15¥Ps It is usually

Astinet on all the instrumentsa,



| £SKP nﬁ@ﬁrﬁ abouk Bl ssconds after 4 SKP, and appears
most distinet on the long period horisoatal instruments.

| 75KP occurs about 7O ssconds and gSKP occurs aboub
87 seconds after 18KP; Genarally, thegé two phasses appear
- clﬂafly ondy on long period dnstruments, | |

It 4g rare that all of the ab@wawm@ntioned“phases éan
be clearly discerned on one record, or even a group of
records of one earthqueks. SKP motion of thes same surihe
queke recorded bt stabtions as close together as Pasadena
and Mount Wilson somebimes show poor duaplication. Oh the
other hand, SKP motion reccrded on long peried inst?umeﬁﬁa
as far apart as Pasadena end Tusson may show an excellent
duplicebion., The greseater resenblance betwesn the motion
recordéd by long pericd than by short period instruments
 probably results from less dig@%rsion of the longer period
waves by local erustzl inhomogenesities, |

The scabtber of the da‘té for the travel time plots
shown in figs. 16 4o 19 probavly results Prom the effects
of c%mshal inhomogenelity, uncertainties in shock location
andférigim time, and complexities associabed with the
propagaticn of rupture at the hypocenter., Because of the
wide scatter to some of the data, and gaps in daba at
several epleentral cﬁétam% s the traval times for the
phases shown in figs. 18 o 18 shmmld not be considered

a8 conclusive,
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| SKP cannot be definitely followed beyond epicentral
distance of 5% This may be due partly o the inter=
ference by late PP phases which commence to imtersect the
1SKP travel time curve at 143%; and due, possibly, to an
- interraption in the SKP travel time curve produced by
refractlon ab the imner core. On the short period instru-
ments, SKP canncl beg »fﬁllmzréd gt distances much less than
1299, On the long period instruments, SKP can be followed
a8 far back as 1259, (See fig., 18.) The travel time f?u.f"w;%ﬁ
of all SKP phases appear to be parallel to each other.

The verletlon in amplitude among the S¥P phases is consid=-
arable, However, there is some tendency for the latézﬂ
.phaseg to have relabively larger amplitudes as the’ distence
from the focus increases. This may :}ndicerbe an en echelon
pattern noted by Denson {1950) for the multiple phaées of
PKP.
| In figs., 21 and 22, the relative amplitudes of well-
identified phases of two New Britain shocks can be compared,
The aéaplfltud% ratio of 5&‘{? $o 3ISKP is much larger for the
shock of February 28, 1934 (fig. 21) than for the shock of
March 21, 1943 (fig. 22).
Although there were many widely different types of

SKP motion, many selsunograms recorded several years sparb
showed a striking duplicabion. This was true for hoth

the Bumebra and the VWew Britein shocks,



. In order that the muliipls phases chserved for thev
¥ew Dritain shocks ﬁ@iﬁcid@ with those observed fof the
Sumatra shocks, the New Britain shocks consistently re-
quired negative travel time corrections of 5 to 10 seconds.,

Evidence for the upper focal branch, SKPZ, exists
in the i‘éct that the multiple phases which appear to be
unitaxy‘ near the fom;.aﬁ often appear ae couplets at disg-
tances between 135 wad 138%. Each couplet consists of twe
pulses which are sepavated by an interval of 2 to 5
secondss (See flg. 23.) The later part of each couplet
hag the game pericd s but legser znplitude 'thén the Pfirst
part. Because of the small duration 61‘ the ﬂoﬁplets, the
two focal breanches can be discerned only on short pericd
'instment:sa _

For shocks of normal depth of focus, figs. 36 to 39
glve the periods observed for each phase of SKP as a funte
tion of eplcentral disbtance. It was not definitely o8-
tsblished that the readings for eplcentral distances grester
then v‘1h5° actually represent true SKP phases. Symbolst on
the figures distingulsh between the magnitudes of tha
shocks, and between data obtained from long and very long
period ins‘é;z*amémﬂ@ Seismometers, such as the Benioff
long peried instruments, having pendulum periods of asbout

1 second and having gelvanometer periods greater than 10

#in explenation of the symbols used in figs. 36 to 53
appesrs on page 103,
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: @eﬁoﬁds are defined &s\ﬂlﬁﬁg ?@fi@dﬁ instrumﬁntéa Seismo=
meters, such as the Husncayo Wemner insbruments, having
pén&mlnm perlods egual to severd geﬁonds, and having
galw@mﬁmetervperiods greater than 10 seconds are defined
- as "very long period” instruments. |

Because no conslstent difference could be detected
between the data obtained from siﬁilar verticel and hori=
gontal instruments, the components of the instrunents from
which the dabta were recordsd are not distinguished in the
figures. Very long perlod data were taken mmstly from the
Huanczyo, horizontel Wenner selsmograms, and shord perioed
data were taken mostly from short perdiod, vertical Benioff
- gselsmograns,

Cn all instruments, ths p@rioﬁs of 1SKP are ngticem
ably shorter than the later phases. There is only a slight

increase 1n peried from _SKF to  SKP., The periods increase

2 8
 mavkedly with an increasing magnitude of the shock snd with
increasing periods for the instrumertal constants of tha
racaéding seismonaters, The perinods incresse glightly with
eplcentral distance.

The spectral energy of the recorded shocks varied
wldslye In @@é@ cases, shocks were réaardﬁd‘well only on
short perlod instruments and, 1n other cases, well only

on long period instruments. Most shocks, however, showed

a wide band of spectral energy, for they recorded well on
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both short and long perled instrumerts. Undoubtedly,
goms of the wide @?%&X*i@‘giﬁm obgerved for the pawioda’m-
sults from Doppler effects produced by the propagstlon of
rapture,

On some »@i‘ the long pericd lnstrmments, SK'P rhages
wers superimposed upon very long period waves of 25 to 30
seconds, (See figs, 2laand 24b.) The Pasadena selsmo=
gram (flg. 2ha) indicstes that the very long period motion
cormences separately @b the onsels of PP and SKP. On ths
Tucson seismogranm (fig. 2hb),; very long period motion
assoclated with FP has probably merged with theat of SXP.
Perhaps, this very long period moticn represents body
waves produced concomlbantly with surface waves by shallow
| focus earthguakes. Another possible explanstion was re- 7
vedled in a theory propounded in a seminar given &b
the California Institute of Technology in 1951 by Dr. W, W,
Garvine Apscording to Dr. Garvin, the arrival of an lmpulse
&l the sarth's surface should cause the surface to revers
berate in a mamer which is characteristically related to
the velocity gradient. The period of these oscillations
is equal to LUW/k, where "k" is the velocity gradient. For
a perlod of 30 gsconds, the gradient indicated wwuld be
0.4/second, a value which is not unreasonsble for the

upper several kiloneters of the earth's crust.
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(Shocks of Tntermediate Pocal Depth)

- Figs, 31 to 35 show unsmoothed travel time daba

dez*ivec‘i from shocks of a wide range in focal depth.
Shoeks ‘ranging in depth from LO to 75 km comprise the data
| uszed for the 'm km foeal depth plots3 those ranging from
30 to 145 km comprise the data for the 100 km focal depth
plots. Shocks ranging in focal depth from 160 to 260 km
were examined, but did not provide sufficient data for |
a 200 km focal depth plot. The time corrections for SKP,
s, pPECS, ‘andj. @SKP necegsitated by this procedure werse
interpolated from tables given by Gutenberg and Richter
{1934 and 1938)e The travel time dabta for the reflected
phases were frequently rejected when the quality of the
depth determinstlion assigned by Gubenberg and Richter
(193L) was extremely low. This was a result of the dLEPL-
c_u:}:%,y of making time corrsciions to phases which cannobt
be definitely distinguished from each other unless the
foeal dapth of the shock 1z known rather accurately.
Travel times for FP shown in figs, 31 and 33, and for

PP and ijsP“P shown in figs. 31 to 35, are based upon

data given by Gutenberg and Richter (193h and 1936). Due
-~ to the interference of reflected PP phases, the initial
P motion is nob easily dscerned at epicentral distances

greater than 10° for shocks for 60 km focal depth, and is



not easlly discernsd al eplcentral distances greater than
1369 for focsl depths of 100 lm, On the short period
‘im‘trmnanwg SKP 1s not cbserved ab eplcentral distances
lzss ihan 1299, On long period instruments, SXP is usually
- impmléi*zm ; however, it 1s frequeatly preceded by very short
period emergent motlon. On the short period vertical
instruments for the 60 km plot, the travel times for SKP
are 3 seconds later at the focus and 13 seconds earlier
éﬁ% 138° than the travel times indicabed by Gutemberg and
Richter (193l and 1936); those for the 100 km plot are 3
seconds lzter ab ‘mﬁ%e focal point. | SKP has large amplitudes
on the vertical instruments ard small amplitudes on the
horizontal instruments. FKS has large amplitudes on the
hraﬁzgntal instruments, and it appears at distances as
. ghort as 1259 on the Huancayo 3?‘&002“55843 The interval he= .
| twesn PXS and SKP 1s sbout 2 seconds shorter than that
indicated by Gutenberg and Richter, |

pPKS hag high amplitudes on the horizoatal instruments.
Tts fime»%:.mz:ig pSKP, is usually ngéﬁammm on the wvertical
ingtruments, On the vertical instruments, gsxr aften has
amplitudes exceeding those of SKP, ﬁP’i{s_, which is the time-
bwin of @SK P, usuelly has large amplitudes on the horizontal
instruments. As & rule, strong PKS motion is followed by
strong pPKS motion, and strong SKP motion is followed hy

ghtrong SSI{LP mobion. The reversal in phase between "SSKP and
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SKP is usuaily evident when the phases are distinct,
(See figs. 25, 26a and 25b.)

| For many of the shocks of intermediate focal depth,
both SKP and SKP are followed from 12 to 1P seconds later
N by & definite pulse of smaller amplitude. (Sas'figs, 26a,
25bgiand 27.) These sscondary pulsss could pessibily resulz’
from some form of double reflegtion in the crust henssth
the recording staticn., Such a doubls reflection might be
produced by the ﬁ&hﬁ?@%ﬂéi@/ﬁiﬁﬁﬁﬁ%ﬁﬁuﬁ ve Fossitly, they
might result from the refracticn of some 1ﬁngitudinal energy
inly transverse energy over Ule lush two hundved kllomelers of Lhe
gKP and,gﬁﬁ? travel paths. Perbeps, %%&ﬁ& Eeccmdaﬁy pulses
correspond to the prominent phase, BS}{P@ noted for shalley
shocks. The datawers insufficlent to note whether or not
they were reversed in phase with respect teo SKP and SSKPg.
or to note whether ¢r not corresponding secondary phases
oocapr after P oand PP, .‘

Figs. U0 to L3 show pericds observed for SKP, FKS, end
kfmr ﬁh@'vgriaus reflected phases Tor shocks of 60 ard 100 km
focel depth plotted sz a function of epic&ntral distence.
Only data from vértieal instraments were used for SEP, and
aﬁly deta from horizontsld insbruments were used for FKS.
Since no difference for the deta of the ?eflected phases
obtained frem vertical and horlzental instruments cowld be

vd@teeted, the components of the instruments from which data



ers 'obfbained are nob &Qsigﬁafbed in the figures,

The periecds dncrease slightly with epicentral distance.
Théperiods of the intermedizte ghocks do not increase as
markedly with an increase of shock magnitude as do the
» shallb‘w shockss The periods observed for the phases ine
creass with increasing psriecds for the instrumentsl constanits
gven more markedly for Intermediate than for shallow shocks,

Since FES starts cubt ss a longitudinal wave, and SKEP
starts oub as a transverse wave, the periocds of PES waves |
would be expected to be shorter than those of SKP waves
much &8 the periode of F waves sre shorber than thdse of
S waves, However, no sppreclzble difference between the
periods of PKS and SHF waves was observed.

On shert period lustrumemts, the periods observed fo:{;
SKP are slightly shorter than those cbserved for SKP far.
both the 60 and 100 km plots. On the long period instru-
ments, the perlods observed for PKS are slightly shorber
than those observed for pPKS for both the 60 and 1C0 km
plc'bs’.a On the short pericd instruments, the periods of
P‘S’KP are slightly shorter than those of S&{P for the 60 Xm
plot, Although there is very 1ittle difference between
periods observed for the normel and 60 km plots, the periods
of the various phases for the 100 Ym plot seem definitely
shorter than thoss of the correspondirg ones on the 60 km

pleba »



#
A3
\ry

H

Energy |
(Shellow Shocks)

The equation used to investigate the observed energles

. H&B

W

A== log
(JT

O

=K - 7) -0 (3

Tt is based upon theory presented by Gutenberg (1945a). It
depends upon the definition of megnitude and its @mpifiﬁéﬁﬂ
relation to ensrgy, end upen the sssupdion thed the dure-
tion of a phase increases with spicentral dstance proe
pomionally to th@ periods The terms of the equation have
been proviously defined for its transposed form, equa. l.

Tgs. Ub o Lh7 give velues for A, as a function of
the distence, A , fer vericus rhases and recording instrue
ments. Symbolsg dlsbinguish between short, leng, and very
long period insbruments, and between horizeonbal and vertical
components,

The paucity of data between dstances of 133 and 1340
weskens the exact deterwdnztion of the fecal point. Both
long and short period data indicate that the focal poirt
oceurs at 13139, Very long period data from horizontel
instrument,s indicate a broad focal point between 130 and
1319 The rise of energy at the focal poimt is more marked
fer the short than the leng period data. On the short

period records, little focal energy could be detected zt
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dstarces Lless than 129Y. On the very long pericd Huancayo
records, large focal energy persists 5 or €° behind the
foeal point. This mzy indicste that long period energy is
diffracted séveral degrees from the cauétic in accordance

- with Adlry's hypothesis. The appesrance of a definite focus
of energy for each of the later phases corroborates the
hypothesis that they are associabed with the principsl SKP |
moticn. -

A gradual drop in energy with increasing distence from
the foesl poirt is evidert on all plots as far ss 145%

On the vertical instruments, thie snergy incrsases beyond
145°, This may vesult from the fact that some late PP
phases hewve been mistaken for SKP phases. Theorstically,
PP cnergy rises to a foous zs the antipode is epproached;
wheress, SKP energy should drop to zero.

Fer &1 phases, and for the entire renge of epicentral
distance, the energy recerded on the short period ingtru=
Vmﬂn%s is definitely less than that recorded on the e@f?@mb
sponding leng period instruments.

Over most of the eplcentral range for SKP, no con=
sistent dependence of é@ uporn magnitude was observed. ,
Near the focal point, however, walues of 30 for horizontal
instrunerts are larger for shoecks 6f greater magnitude.

A dependence of A@ gb the focal point on magnitude may

regult Irom the fact thet large shocks generslly produce
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waves of longer durstion than do small shocks. The effect
of a longer durstion would be to spread the pesk focal
aﬁeégy out over z wide inmterval of time and reduce its
prominence by a process of averaglng.

3.,E;%F:P contains the largest energy, hémwer, BSKP is
nearly as ﬁ’broﬁg a8 45 Ps The drop in energy for the
successively later p?qases is more marked for the shart,

than the long perioed recorcs.

{Shocks of Trternediszte Focsl Depths)

In figs. U8 to 53, values for A are given for SKP,

PKS, pSKP§ XS, gS%(P, and SFKS, for focel depths of &0

pP
and 10 km., The data are tco sperse for more than a few
limited ciomiusiensa

On the 60 km, short period vertical plots for SKP and
sSK P, the focazl point lies between 131 and 1313°% On all
‘plots, the foeal point indicated for the short periods 1s
more prominent then that indicated for the leng periods.
The long period deta for FS, pSKP, a:nd. gS;K‘P do not gppear to
indicate a focusy this mey be dve to error resulting from
too small a sampling.

A1l plots indicate that the «enéfgy of the short perled
wwés is less than thed of the long period waves, Heowever,

this s less apparent on the 100 ¥m plots than on the €0 lm

 plobs.



Both the 60 and 100 ln deta indicste several times
less energy for SKP on the horizontal than on the vertical
instruments,

The short peried data for the €0 km plots, and the
- short and long pericd dats for the 100 km picsts indicate
that PKS records with larger energy on horigzomtal than on
verticsl instruments. For short period, vertical instrue
ments, the &0 knm plots indicate that the energy of QSK’P
is as largs as that of SKF.

Tre long pericd, horizontal deba for the 100 kn plots
indicate thet the energy of pP}{S ig less thaﬁ that of FES.

A1l plots indicste that nesr the focal poiﬁt s smaller
shocks record with smller vilues for ,;?&O on all types of
ingtruments. AT lavger epleentrsl distances, the depend=
ence of A, on shock magnitude is random. A&t the focal
point, ih@ dependence of 2%@ on shock megnitude is even
mnore proovunced for shocks of inbermediate then shallow
depth; becasuse for shocks of shallew depbh suc@a‘a depend=

ence ’cmlﬂ he observed only on the horlzontal instruments,

SKpH

The data for SKPV, whilch was cbserved sporadically
between eplcentral distances of 11k and 125%, are listed

in table 2.
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OBSERTED DATA FOR SKP" FROM PASADUHL, IT8 AUXILL TIONE, AWD FROW TUGSON
Dete of Shook Origin Time Epleznter Fooal Hagnitude Rangs of dt Ay Periods Observed Periods Observed Sowments
G.C.Tw Dapsh Epicentral dan on Long Perlod on Short Period
Distences Ingtruments Ingtruments
Jemary 2, 1936 17:26:42 91S,119E Nornal 6 3/¢ 1220 7.8 1.1 sec. pegodens (6= 122°): Larpe pulse followed by a series of
emeller pulses geverel seconds eperts
September 7, 196 12:17:26 588,50W 160 kam. 6 3/¢ 117.3 6.8 1.4 pesedena (A= 117.3%): Two pulees 1.6 seconds epert heving same peried,
. but first pulse i larger thun second pulses,
Sepsember 8, 1937 00:40:01 575,27W 130 7.2 118.5 « 120.3 [~2,1 sec/deg I| 7.7 = 8.6 1,7 sec. 0.8 - 1.1 Riverside (6= 118,09): Twin pulses 1,8 seconds epert.
Pasadens (A= 118,5°): Twin pulses 5.5 seconds apart.
Qctober 20, 1938 02:18:27 98,1238 90 7.3 118.8 - 125.2 2.1 Te2 = 7.8 2,0 Oef = 2,1 Mount Wilson (A = 118,8°): Twin pulses 2,0 seconds apart.
Riverside (&= 119,59): Twin pulses 2.2 peconds apart.
Tueson (&= 125,2°): Possible twin pulses 6.2 seconds apert.
November 7, 1942 07:32:09 845,1238 100 6 3/4 118.8 ~ 124.9 2.4 Tl - 748 1.0 - 1.4 Mount vilson (& = 118.4%): Two pulses 2,5 seconds apart having seme amplitbude,
but period of first pulse is slightly shorter then perlod of second pulse.
Tucgon (0= 124,99): Two pulses 5 seconds apert having same amplitude, but
period of first pulse slightly Ionger than period of second pulses
Mersh 9, 1943 60S,27W Normal 743 112,4 - 119,¢ 2,0 Teé = 8,8 1.5 0.7 = 1,1 Pesedons (A= 119,4%)¢ Twin pulses 2.0 seconds apert,
Tuecson { A= 114,49): Possible twin pulsen 1,8 seconds apart,
Marsh 22, 1944 00:45:18 220 7.5 118.1 ~ 124,57 L5 8.0 - 8,¢ 2,¢ 0.¢ « 1.8 asedens (A= 118.1%): Two pulses 3.9 conils apart having same amplitude
and period, but reversed in phase, -
Tueson: Twin pulses 4,2 seconds eptrt,
February 9, 1948 12:54:22 0,122LE 16C 7.2 114,0 - 114,7 7o = 840 1.0 = 1,1 Pasedena (A= 11£,0°): Twin pulses 3,4 seconds epert.

Table 2,
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The fact thet SKP? records with short perilods on
‘both long end short period instruments indicstes that 1%
has‘é narrew spectrum of ensrgy. The p@?iﬂdﬁ recorded
for SKP" on the short period, vertical Benioff instzument
. &b Tuecsen (see fig. 30b) were slightly longer than those
recorded m the sane type of instrument ab Passdena (ses
fig. 30n). Part of the observed differemce might be b=
tributed to the fact that the galvanoweter perlod for the
Tueson ingtrwrent is slightly longer than that of the
’Pa@ad%ma insbrument.

A striking festure of SEP" is its frequemt appesrance
as & set of twin pulses sepearabted by an interval of
1.6 to 3.9 szeconds Tor distances less than 1200 {see Figs.
28, 29 and 30s) and, perhaps, by an interval of 3.9
to 6.2 seconds near distinces of 1259 (see fig. 30b). Such
twins may slgnify the two branches of a focal point, Inter=-
vals of 5.5 and 6,2 seconds between the pulses recorded o
distences of about 1259 & Tucson seenm definitely too large
to signify two focel branches; probably, they signify ordi-
nery mulilple ghesess Lven an intervel of 1.6 to 3.9
seconds observed for distances less than 120° éeems oo
large to agr@e‘wi%h the new travel time curve for SKPV
shovm in fig. 2. If the twln pulses do signify the two
brancres of a focus, the focal point would have to ocecur

zb & dlstance several degress shorter than the distance of



115%9 indicated for it by the new curve,

Proninent .‘b“éi!iﬁ pulses for FY were not noted for the
shoék@ listed in table 2., This is to be expected becsuse
the focel point for P" may exist bebween 120 amd 1259,

- accordingly, no separate focsl branches should be observed
al a distence smaller then the focal distance, and the
separation of the focal brenches at a distance 1 or 2
degress grester than the focgl distance should be too small
‘t@ be observed,

The lergs muber of multiple pheses ligted for B
by Guterbherg (193L) were not chservad for SK PR, This may

be due to the fect thet later SEP" phases are too mriall
to be distingulshed amongst the microseismsa

The slope of the new travel time curve for SKPY :Ln‘
fig. 2 ranges from 1.9 sec/deg at A =1154° 0 1.6 sec/deg
atb A-%l?E% The glops actually observed :f’o:r" the SKF" travel
time curve ramges from 1.5 ssc/deg to 2.h sec/deg. The dzba
i‘cﬁ* the rbserved slopes were too sparse to note whether or not
the slopezz decrease with epicentral dsbences The observed
slepes zre definitely btoo low to asscoiate SKPY with the
principal SKFP motion, which has a trevel bime slope of 3.9
sen/deg nesr the focal point.

Tre new trevel times for SKPM shown in fig. 2 wers
computed fopshocks of zero depth. These times were ade

Justed to apply to shocks at various depths by use of the



deepA focus trevel times for SKP at A=14E% given by Gubenberg
“and Richter (1936). The imberval between the SKP travel
'bizeé for zero depth and that for the devth of interest
was subbtracted from the SKP" travel *i:ﬁ;més for zsro depthe
. The bbserved‘%ravel times cheoked the travel times of SKP
adjusted for Poczl depths to within a ‘:i“e'w seconds., o
congistent deviation between the observed and computed
bimes was nobteds

The energy observed for SEPY is low relative to thab
for SEP motion. The data were too sparse Lo note & cone

slstent change of A, over the gplcentral range investigabad,

Uz Multiplicity

The mulbtiple phases of SEP cen be bebter explained as
resulting from reflections and refractions in the upper

- layers of the mantle than as resulting from dispersion.

#The error in using deep focus travel tilmss of SKP
at A=159 to0 adjust the travel tires of SPY to verious
" focal depths 1s negligivle because the apparent surface
‘yelocity for SKP at A=15Y differs only slightly from
those for SKPY over the epicentral range investigabed,
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Dispersion doeg nod sesn $o be a dominsmt cavss fopr
maltiples phases becausw:

1. The travel tirme curves for the mdtipls
phasses are essentially pearallel to each other; and
hence, the gfoug veloclty camnot differ much From
the wave velocities.

2. The multipls phases appear on both long
and short perlod dnstrusents with no consistand
time differences, Thus their travel times seem to
be independent of the frequency.

Js The phases sonmstimes ouewr as sharyp pula@‘g
and hence must have consilderabls sldeband energles.
Dispersed pulses should have a sinple envelope (such
as that dmfiﬂ@d“&g a Gaussian wave packel) containe
ing waves which have a narrow rangs of frequencies.

Reflections and refractions mey e a dominant cause for
mltiplicity beceuse:

le 48KF, & prominent phase observed fur shallow
shocks, mey be a wave reflected from the surfa&aa
This is Sﬂpparteﬁ by the fact that the phase of ;8KP
usualiy appears reversed to that of (SKP, and by the
fact that the Yime interval between ;8KP and SKP is.
abomh that which should be observed betwsen reflected
and direct shallow focus SKP waves.

2. There la some svidente for a relabion among
the multipls phases of P, PP, and S¥P,

3s TFor intermediate shocks, SKP and gSKP appear
to be followed by & simdlsr succession of pulsss.
This suggests that SKP and BKP uadergo similar re=-
Tleetlong or refractions in thelr bransit through the
crugtal layers bensath the ovserving station.

4o The mpbhar of mulbtiple phases appears to
decresse with increasing focal depth. This might
result from the fact that fewser layers for producing

Creflsctlions or refractlons exist st depth. Howsver,
some mulbiplicivy would still arise from the passags
of the SKF energy through the crustal layers bensath
the observing shatlon.
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S« Evidencs for a low veloclty layer &b a depth

of 80 km is presented by Gutenberg and Richter (19350)

and Gutenberg (1948), Possibly, this layer is discrebe

enough to produce reflechions ar r@@raﬁﬁiﬁnﬁﬁ Jeffreys

{1936 and 1937) and Guberberg (19L8) present evidence

Tor a large increase of veloclly at & depbh of ssverdd

hundred kilometers. It is highly conjectural whether

or not this incrsass is abrupt enough for the pro-
ducticn of reflections and refractions.

Dispersion is probably st lsast a secondary factor
associzhed with multiplicity, for SKF energy appears to
shift to the labter phasegs with lncrsasing distance from
the foczl poird,

During the first minute of SKP motion,; two more phases
were noted for the short than the long perlod waves, (Ses
figss 16 to 18,) This may result from ecerbain layers in
the crust being too thin to reflect or refract long period
Havesds

The general diminubion of enerygy for succassively
later SEP pheses is more preomounced for short then long
" period waves. {(See figs. 19 to 23.) This may result from
@ greater absorption and scabbering of short peried snergy

by the crustal leyers. Absorption might also account for

the general incrsase in wave periods observed for success=

ively later SKF phases.



On Emergence

The fact that emwg@m%g when present, is usuvally
common for SKP, FP®, and FP may lsnd support to the hy-
~ potheslis of dispersion at the source advancad by Fa (19L5).
| If the emergence of SKP resulted from the conversion of
transverse energy inbo longitudinal energy over a short
interval of the initisl travel path, the smergence of SKP
should bear no relabion to that of waves which are wholly
longitudinel, such as P" or FP.

Tor SKP, emaeé:"geme in which shord period mobtleon pre-
ceded long period motion was more common than that in which
long pericd motlon preceded short period motion. Thus the
evidence for normal dispersion is more prevalent than that
for ammafi.ous dispersion. Somebimes, emergence in which
there was no change of Irequency was observeds

Dix (1952, p. 238) notes that for materials like
-gilty clay, velocity decrsases with stress, with the resulb
bhat waves of small amplitudes travel with higher velociby
than waves of large mnpli‘bixdeéza Perhaps, some erustal
materials behave to large stresses as does silty clay.
This might explain the emergence oo prevalently associsted

with shocks of large magnitude.
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THEOREPICAT, DATZ
Travel Times

In order to investigate the shipe of the SKP travel
: time'curveg éstiméﬁe the surface amplitude expected for
SKP at variocus eplcenbrsdl distances, and in order to
compare the relations betwsen the focl of SKP and PXP,
accurate travel tine data are reguireds The cbserved
ravel time curve of FKP has been well esbablished, bub,
due to insufficlent data, that of SKP has not been accu-
rétely determined, OConsequently, theorebical travel times
should be ussd for the analysis of S¥P, Wherever possibls,
the theoretical travel times should be modified to agree
with the cbserved data.
The theoretical travel times presented in flg. 2

were not consldered adequate for the analysis of SKP. The
| smooth curve of Jeffreys, although preclsely determined,
'does‘nmt agree well with the obssrved data for SKP. The
most’prmmineﬁt discrepancy is thabt Jeffreyls curve indi-
- cates that SKP, terminates at a distance of 140°; whereas,
5P, is believed to have bsen observed abt distances as
large as 145°, The new curve indicates a terminal distance
Por SKPy of 11,90, a figure wiich may be teo large. The
new curve is not precise encugh for m accursbe determina=

tion of the curvature of the travel time curve, a factor
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which is eruciel in the analysis of the energy content of
SKP.

The travel times finally used were compubed directly
by integration along the travel paths. Use was made of
‘the 'sieloci"hige:s for the mantle znd the core given by
Gutenhberg and Richter. (See fig. 54.) Thess velocities
ars listed, respectively, in tables 69 and 73 of Gutenberg
(19515)@ The large gradients of these velocities indicate
that large srrors wuld result if constant velocities, and
hence straight ragy paths, were assuned for the thres
components of SYP, namely, 8, K, and P, Instead, the
veloclty curves were broken into six segments, designated
by letters A throuzh F. Segments A snd B (longitudingl
velocities in the wmantle), segment C (longitudinal veloes
1ties in the core), and segments E and F (transverse ve=
locities in the mantle) were expressed by the parsbolic
function

2

V=5o5 T € (4)

whers r = radlus from the center of the earth,
§ = ourvzlure of the ray. Since the
rays are cireles, their cuwrvatures
are constanba
P = ray parameber

¢ = conzbard
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| Since thé veloclty discontinuity &b the inner core
boundary appears to be gradstional, btravel times were
camjau'hed mostly for those waves vhich travel through the
outer cores The segment D (velocity of the inner core)
- was assumed to be constani, and was used to calculate the
travel times of only those waves which pass directly through
the sarth. Segments A, B, and C were used to compute the
%ravei times of TKP, and segments By, F, and C were used
to éomput@ thb% of SKS. SKS travel times were caleulated
only as en additional check on how well the parabmlic'
representation of tha velecities would give » theoretical
tfavel time curve agreelng with the cbserved one,

The boundary conditions imposed on equa. L in order
to evaluabe the parameters 29p and ¢ are showm in table 3.
As shewn in fig. Sh, the agreement between the parabolic
represenbatlon of the velocities and the data of Cutemberg

and Richter is close.
Tshle 3,

Boundary Conditicns fer the Caleulation
of the Theorsticel Travel Time Curves

- B

Segment T, o, v, T2
Ay T 5,500 km 6,370 km 11,2 km/sec T.5 km/sec
P 3,450 5,500 13.8  1l.2
C")K, - 1,370 3,450 10,35 8.0
D _ 0 1,370 11.35 S 11,35
: %)’3 SﬁhOD 63370 6ah0 heﬂﬂ

BShSQ Syhmﬁ 7230 6ah0
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The welocities are sssumed Lo be indspendent of the
wavelengbth. This assumption 1s quite reasonable, for
Gﬁtéﬁb@rg (1945b) revesls thst the absorption of core
waves 1s quite low,

%@ indicated by Fu (19L7), the assumption of the
applicability of ray theory to selsmlc waves is valid as
long as the velocity change &long a wavelength is nob
overly large, This assumption is valid, perhaps, for all
but the longer period body waves in the crustal lavers of

+he earbh.

(Derivation of the Epicentral Distance as a Function

of the Ray Parameber)

By expressing an incremen® of
the wave path in polar coordinates
{s2e dlagram 1.), 1t can be shown

thab

rdo sini‘
dr = 1[ |—sini (5)

If sin 1 is eliminated in equa. 5

Diagram 1. ' by use of the expression for the



26= «rcsin

rSihi
v

ray parameter,p= s and ths resulting sguation irhe=

grated, there results

o — P/Er ar | - (8)

rt
=

wWwhers 1, = inner radius

r,= outer radius

Solving equa. T with Dwlght's intergral tables glves

~2p? N ' QZS‘ ( 7_ 2P2C> LR -1 ¢
Zerr: T @ I— Gsm )2
arcsin
1 + 1 2
| — 4P*C ‘ , R — 4P
(2¢P) L {29P)
- 2P __2P% ( 2P )r‘ 2P
(zep)E I —Gery I —aem)" ¢
arcsin —— arcsin
l _ 4_ch . r:. ‘ _ 4_ch
(2¢¥7) i l’ (2 £P)
L p—

If the boundary conditibns in table 3 are substitubed
into equa. L, twoe simltanecus linear equations result

which can be solved for 2fp end ¢

(M
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_z;P= " (8) : C = r;-'rl— (9)

When equas. 8 and 9 sre substituted into equa. 7,
the resulting equation expresses O as a function of the
ray parameber, p. The ssecond and last terms of equa, 7
vanish when the ray path does not penetrate as deep as

the inner radius, T, »

(Derivation of the Time s a Fanction of the Ray Pareameber)

The time 1s

Pefe Y

" By use of the trigonometrie relations shown in diagram
1 and the expression for Snell's law, P= —"—%-’H , it ean ba

showm that

A

(SR R ey
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If equa. 11 1s solved for ds and substituted inbo
equa. 10, the variable of lntegration becomes dra

v
2 . 12

t=/ dr ) (12)

e v ‘

- ( \_Q)’- ‘ . \
The verlable of integratieon in equa. 12 can be changed

to dv Ly use of equa. l. ,

. | .
1= fPf dv _
~ v V-V rvesp -cagp

vhere v, =inner veloolly

7, = ouber veloclby

Selving equa. 13 with Dwightis integrsl tables gives

. i 2 2 ‘
2¢ -V, + 2VC V‘f,_—fvg —V,+C
x| ()

: v,

t = —'a- :—ZCPP ‘}n-

PV

Substitution of squas. B and 9 inte equas W glves

the tine as & fancticn of the ray parameter, p.
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17 the ray path doss not penstrebe ss deep as the

] o % "
1nnsr ¢ sy

radius, 1, , a mecre complicate

time results:

-2 P 2 9PC
1 P 28p _ 25PC
| 2FP Vz 2 C + + 2 Vz"
———' -
-7 c In

PY g ———
P 2 6P o ~2fP
4FC 2 €

The solving of equas. 7, 1, and 15 for numerical

answers is not as lsbordous as these equetions might

indiecate, for they possess a high degree of symmelry and

many terms sre repealted.

speclified value of the ray peremcter were combined so as

to give the theoreticsl travel times shown in teble L.

Tisted in table 5 are e few key comparlscons between

the smoothed travel times for the core phases given by

Jeffrevs (1939¢) and the theorstlcal travel times. The

focal point data for FUP and FES are iu excellent agroo-
The largest discr

menta spanclies occur for the waves

which graze the oulber core.

(15)
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/¥ PKP
0.000sEc/0e6 180,000 °
2.310 149,345
2.519 149,264
2,583 142,688
2,446 148,136 ¢
2.510 147.610
2.574 147.109
2.638 146.657
2.701 144.193
2.769 145,781
2,828 145,400
2,892 145,052
2.959 144,740
3,018 144 446
3,062 14,251
3,145 140,040
%.208 145 .804°
5.271 145.797
3.550 145,757
34597 145,765
%450 143.841
5,525 145,935
3,386 144,205
3,540 144,510
3.711 144,915
3. 774 145,46
%.9385 145.047
%,999 145,856
5,961 147 .834
L.003 140,037
4,084 1350.5955
L.148 192,450
4.210 154,952
4,272 138,459
L.334 164 . 504
4583 174,199
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1201.06/sec180.000°

1126,60
1186.41
1185,06
1185.73

1182.42
1181.14
1179.92
1178.74
1177.060

1175 .54
1172.5%
1174.63
1175.32

1175.10

1172.50

1172.05
1171.72
1171.28
1171.63

1171.89
1172.58
1175.17
1174.28
1172.76

1177.68
1130,10
1185.18
1187.02
1101.82

1197.89
120%.72
1216.16
1251.12
12537.29

1299.58

142,775
142,565
141.939
141.031

140,241
159.470
138.719
157.987
1376276

136,586
155,918
135,274
134,554
154,059

155 .491
152,931
132.442
151.966
131,220

131.11%
150,745
13C. 422
130,146
129,924

129,762
120,589
129,558 .
129,743
129 .247

130,305
130,855
131.73%
132,119
155,769

140, 442

PKS

1416.09 sec
1295.77
1393.50
1391.98
15£9,51

1387.66
1385.59
1585.74
1381.78
1577.83

1377.5)
1376.00
1374.11
1572.27

15370.42

1368,58
1366 .97
1565 551
1355.74
1562.25

1350.8%5
1959 .56
1558.41
1357.42

1356.00
155,82
1595.60
15 57 95
1356.75

1358.20
1360.52
1364 .14
1370.00
1381.4%

1401.79

180.000"
136,207
136.0561
154.588
132.926

132,373
151.851
130,801
129.780
128,771

127.772
126,784
125.5308
124,341
125,886

122.942
122,009

121,087

120,176
119.275

118.385
117.2507
116.658
115.781
114,954

114,068

11%5.272
112,457
111.651
110.8%6

110.071
109.298
108. 238
107.780
107.054

106,586

1631.153 sec
1600.94
1600.58
1503,06
19%5,20

1592, 59
1590 . 24
1587.55
1:—)8‘4 a55
15%2,07

1575 .28
1576.4%
1375 .50
1570.72
1567 30

o

&

G O
¥
L] L]

3
sl

(ST

no O G

el ol o
1OV U Q)
5

- L]
K
L O GO0

[ X2

it

1549.52

1548 T4
l :)I*!'j E ‘\j)':/l
1940 .36
1537 .52
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1524,55
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1518,30
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Table k.
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core was compubed as 17l 2%, Jelfraye gives a figure of
Zlﬁ(:'c“l for this distance. Jeffrevs figure is mers valid
because Gutanberg (193L) has cbserved FKP, at a naximm
_distance of 180°,

The distance at ﬁmiﬁh.}ﬁﬁg grazes the ouler core was
camputed at lhOtha Jeffreys gives a figure of 148° for
this distance. Nelther figure compares faverably with
tﬁgt of 13Y indicated for this distance bty the new curve
in fig. 2.

The pahh@‘cmapuL%ﬂ Por rays which graze the core ars
highly sensgitive to the velocity assumed to exist outsids
the core houndary. The fuaction used to represent the
lengitudinal velocity near the core did not follow the
sharp decrease in veleocity gradient near the core boundery
indicated by Oubtenberg and Richter. (See fig. Sh.) This
wmay accournt for the fart that the theorebicsl distances
computed for the FEP and FKS rays which graze the outer
core were too small.

’In figs. 55 to BT, the trevel time curves for the
core phases glven by Jeffreys cen be ccmpar@dzﬁibh those
which were computed theoretically. The theoretical
travel times for FEP are seversl secconds later than the
gmoothed travel times of Jeffrsys; those for FXS, about

squal to those of Jeffreys; end thoss for 8Ks,; seversl



5@@@@&@ earller than thoss of Jeffreys, Actually; the
theoretical travel times for FKP, PKS, and SK§ would all
be expeched to be a Few gseconds esrlier than the smmoothed

| travel times of Jeffrevs, because the theoretical curves
- were cgmpuﬁed with velocity functions for the mantle which
did not incorporate the low wvelocities which prevall in
the erust. |

For FEP and SK§, the slopes of the theoretical curves
mabch these of Jeffreys rather well; for PKS, they diverge
noticeably. |

For PKP, the bheorsticsl curve egrees betler with ths
ohserved data of Denson (1952) than does the curve of
Jeffreys. The focal point for the theoretical curve occurs
ah lh36803 and that for the curve of Jelffreys at 1h3ﬁg‘
Denson, from the consideration of amplitude data, concludes
that the focal disbance for long period waves occurs ab
| 1430, and thet for short periocd waves sb 1470, The dige
tance of the FKP, ray wihich grases the inner cors is 19.3°
for the theorstical curve, and 1479 for tke cwrve of
Jeffreys, Denson believes this distarce to be near 157%

Por FKS, the maln focal branch of the theoretical
curve agrees sém%ﬂhat vevter with the dbserved deba than
dees the curve eof Jeffreys. The focal point of PKS occurs
g 129,60 for the theoretical cwrve and at 130° for the

curve of Jeffreys. The doserved focal poimb occurs ab
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1313° for waves sith perdods of 1 to 5 seconds and between
120 and 131° for waves with periods of 5 to 10 ssconds.
The ‘uﬁi%%m of the %51 ray which grazes the lnner cure
15 142.8° for the theoretical curve, 1LOP for the curve
- of Jeffreys, and 149° for the new curve in Tig. 2.
Tong pertod PKS waves have been observed with certainty
ot a maxinum distance of 145, In fig. 58, the travel
time slops for PKS as a function of the epleentral dls-
tance 15 shown for the theoretical curve, the curve of
Jeffruys, and the new curve. The slopes of PE(Sl for the
theoretieal curve are higher than those of Jeffreys's
curve ard lowsr than those for the new curve, The &1@»}3&&
of IF‘KSE fre lower for the theorebical curve than those
Por elther the curve of Jeffreys or the new curve.

The obsearved data for FKS indicate slopes more in

reement with the theoretlesal curve. The best check

&

on the slope of the FKS truvel time cuwrve 1s afforded by
data cbserved between disbances of 130 and 138%9, The
mesn slope of the first 63° of the theoretical curve for
%31 18 3.2% sec/deg. The mesn slope observed for Lhe
interval from 1313 to 138° is abowb 3.5 secdeg for shallew
shocks and 3.2 or 3.3 sec/deg for shecks of a Pocsl depth

of &0 km, The mean slope obssrved for the shallow shocks may
 be too lsrge, for a comparisom of the indlviduesl data for shocks

recorded & both Passdenz and Tucson fer epleentral distences
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of 130 to 138° yleld slopes ranging from 2.9 to 3.6 sec/deg
with a mean cloge to the theorstical mean. Too much sige
wlflcance ﬁaﬁm@t ko atbachsd o the results of the Fasadsnaw
Tuecsen recordings unless il can be demonstrsted theat the

- crustal layers beneath esch station affect PKS phases

Cin an ddenties) marmer. The use of the travel time dats
for shecks of 60 Ym depth to check theoretical travel times
of shallow shocks 1s valid, for 1t can be shown from methods
indiceated by Gutenbsrg {1936, p. 3L1) that the foeal point
and the slope of the trazvel time curve for shallow focus
earthouekes differ by negligible smounts from those for
sarthquakes with a focal depth of 40 km.

Fig. 59 gives the second derivative of the theoretical
travel time curve of FKS as a function of epicentral distance.
The use of the cbserved travel times to estinate the quan=
tity, di/da, which is the cheange in the angle of emission
of a rey from the hypocenber with respect to the change
produced 1n epleentral distance, depends heavily wpon the
sceurate determination of the second derivetive of ths
travel time curve. {8ee Gutenberg and Rickbter, 1935, pe 300,)
In fig. 39, the small values for the second derivative
indiceate how accurstely observed travel times for FPES must
ba if they are ta he used to sstimate di/dA, |

The sgreement vetween the observed and theoretical

travel time curve Tor the nsln feosl brench of PXS is
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belleved good enocugh te Justify the use of the theorvetical
travel tines Lo analyze, to a first approvimstion, the

energy content of PKSy phases.

Enerey

The equation used t¢ determine the theorstical energy

content of SKP, PKS, _S¥P, _SKP, _FPKS, and _PKS was
P a P a

~-{KdD o5 |
Ae=C —\om\[ R e (26)

SihA cos lo

It 1s derived from equablons presented by Jubenberg (19LL),
ana is based on a theory originsgted by Zosppritz (1912).
The basiec assumption in its use 1s thet energy is governed
- by the geomebtry of the ray paths, an assumption which,
as pointed out by Fu (1547), is not irherert in Fermat's
principle of lesst time.

C is = constant related to the mount of ensrgy ime
parted to a parblieuler wave typ% ab iis source. OGubenberg
(19LE) has found thal C is spproximately the same for hoth

longitudinel and transverse waves. His value of 6.3 was

- used for all czlenlstionse

Q 1s the ratio of ground displacemert to iacident

anplitude, It depends upon the angle of incidence of the



ray ét the su?fae@ and upon Polsson's ratio, and was
determined from equaticns given ty Gubterberg (15L)).
‘Vélécities of 5.5 kn/sec for compressional waves and

3.2 km/sec for shear waves, snd a radius‘fbr the earth
~of 6&37 km were used to compute the angles of incidence
from the ray parameters glven in table L. The welocities
used for the compressional and shear waves correspend to
a Polsson's ratio of 0.239,

P F,ass are factors which indicate the snergy ratios
of refracted and reflected waves to incident waves, They
are obtalned from the ¥nott-Zoepprits equations derived
for plane waves traveling in homogeneous layers separsted
by sharpg planer discontinuities. They are not valid for
an angle of grasing incldence to a discontimuity. The
values for refraction at the core boundary were taken fron
Dana (19L4h) who used velocities of 13.7 km/sec for longle
tudingd and 7.25 km/sec fer shesr weves oubside the Core )
and velocities of 8.0 km/ssc for longitudinal and 0,0 for
shear waves in the core. He also used 5.l gns/ec for the
density outside the core md 10,1 gms/ee for the density
inside the core. TFor the calculation of the angles of
incidence of the rays at the core from the ray parameters
glven in tsble b, a radius for the core of 3.45 ¥m was nsed,

For the reflected phases (pSKPa pPKS, ﬁgSKP end @PKS),



surface energy retios were cemputed from squations glven
by Gutenberg (19LL). The surface conditions were assumed
to ‘ée the same a8 thoze used to determine the valuss of 0.

e"[ "dP aecounts for ghsorption aiong the ray pa’bhg
- Gutenberg’s (19L5a) value of .00012/km, based upon his
analysis of the energy content of P, P'P', and PIF'P; ig
used for 8KP, The path length for SKP was computed from
straight line segments in the mantle and the core dravm
s0 as to sublend the same amount of epicentral distance
as do each of the curved ray segments of SXP computed by
equas. T- The a%eaﬁu&tié:n Tartor obtained for SKFP amplie
tudes averages about 3. The velues for this facter have a
maxirram chenge of only LY for the entire SKP travel time
CUTTE o

A is the epleentral distence. Valuss fear it were

taken from table l. |

1, is the angle of emission of a ray frem the hypo-
rc%a‘ﬁ'b@m It was determined from the ray parameters given
in table li; by using initis=l velocities of 7.5 kn/sec for
PKS ard L.0 km/sec for SKP, and 6,370 km for the radius of
the earth, The znergy computed is quite sensitive to the
factor deos 1vw/dA . Fig, 60 shows a plet of di,/dA
for PKS versus ihe slope of the travel time curve, dt/dA.

:'Ls is the sngle of surface incidence at the recording

gtatlon. TIL was computed from the ray parameters given in
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teable Lho The surface condltions were assumed to be the

same &8 those used to detsrmine the values of Q.

Tn figs. 61 to &3, the theorsticel energy parameters
for various SKP phases ave plotted against eplcentrs
~diﬁﬁ@ncesg In order that the thesoretical focal polint
colncide with the obssrved focal point at 13130, 29 were
add%d’t@ the epleentre]l dstances. Dashed lines dencle

the upper focel branch, and solid lines denote the maln

foeel brench. The data Ter the flgures were obbained from

Q

{¥“

tebles Ba and Sb,

The graphs indicsate theb the most significant ampli-
tudes are those of the main focal brench of heorlnontal FKS
and | Pﬁﬁj and vertieal SKF wnd _BKP. Although the energles
of tre two fotsl branches are the same ab the locel polmb,
amplitudes for the upper fecal brench fall off rapidly with
inersaging distance. This may well explain why no clear
indicabtion of the upper focal branch wes acted far gpl-
rﬁeﬁt?al distances greater than 138°, However, because

Enobt's squations are not wvalid Tor grazing incldences to

the core; end becense

deta given Ffor the upper focal hranch loss physical sig-
mificance Ffor 4 11359,

Although the were computed for

shocks of normal depth; the paranebers are believed valid

5

for the analysis of shocks of inbtermediate depths. For

&
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Theoreticel Energy Parameters

Ay
SKP PKS p SKP
AN
Vert. Horiz, Vert., Horiz. Vert., Horiz.

144 ,78° 7.54 8,51 8.50 7.38 8,10 7.38
144,66 7 .64 8.51 8.49 7.37 8.10 7.38
143,84 7.52 8.48 8.46 7+59 8.07 7.36
143 .03 7.61 8.45 8.43 7.33 8.04 7.54
142,24 7.58 8.41 8.39 7.51 8.00 7.52
141,47 7.5 8.38 8.36 7.29 7.97 7.50
140,72 7.54 8.35 8.33 7.26 7.9k 7.28
139,99 7.51 8,32 8.29 7.24 7.91 7.25
1539.28 7.950 8,29 8.25 7.22 7.88 724
138,59 748 8.26 8.23 7.2C T+33 7.22
157.92 7 .46 8,23 8,20 7.19 7.82 7.20
137.27 7.4k 8,20 £.18 7.16 7.80 7.18
136.65 7 .42 8.17 8.14 7.13 7.76 7.15
156.06 7.40 8.14 8.11 7.12 7.7> 7.13
135,49 7.37 8.11 8.08 7.10 7.70 7-11
150,95 7.35 8.08 8.05 7.07 7.67 7.0%
134 .4k 7.32 8.04 §.02 7.05 7.55 7.07
133,97 7.30 8.01 7.98 7.0% 7.50 7.0%
133.52 7.28 7.98 7.95 7.00 757 7.02
125.11 . 7.25 7.94 7.91 6.97 7.95 5455
1%2.75 7.21 7.90 7.87 6.94 745 6.96
152.42 7.18 7.86 7.82 5,50 7ol 5.92
122,15 7.13 7.80 7.75 £.35 7.3% 057
131.92 7.07 7.74 7.70 L. 79 755 6.81
131.76 ™ E.98 7.62 7.9 5459 7.23 .71
131,47 6.78 7.43 7.39 6030 7.02 6.5
151,66 - e - - SR e -
15074 5,97 7.60 736 6.59 7.20 6.7;
121.95 7.12 7.75 7.70 Ge34 7.5 6.86
152,30 7.23 7.84 7.79 6.93 745 .96
132.87 7.3% 7.94 7.88 7.03 7.5k 7.05
25.75 7 .45 8.03 7.9 7.12 7.55 7.15
150,12 7.56 2,16 8.00 7.25 7.75 7.78
157.77 7.61 8.30 8.59 7,26 8.00 7.9
142,44 wt L = . i ~

Table 5a,
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Theoretical Energy Pearemeters

At
pF ks gSKP gPKS
A Vert. Horiz, Vert. Heoriz. Vert. Horiz,

144,78° 8,50 7.38 7.65 8.52 9.42 8
144,66 8,50 7.38 7.65 8.51 g.42 &
145,84 8.47 7.36 7.63 8,30 $ .38 8
145,05 8.44 7 <34 7.62 8.46 G379 §ﬁ
142,24 8.40 732 7.59 8,42 5.28 1§
41,47 8.57 7.50 7.57 8439 9.2k 8.17
140.72 8.34 7.28 7-95 8.35 9»20 8.
159.99 8.31 7.25 7.5% 8.53 G.15 8.10
139,28 8.26 724 731 8,50 .10 8.08
158.59 8.25 7.22 7.49 8.27 ¢.07 5,04
137.92 8,22 7.20 7.48 8.25 .04 5.92
137.27 8.19 7.18 7.46 8.22 5.00 7.93
136,65 8,18 7.15 7.43 8.19 8.956 T.9%
136.06 8.13 7.1% 7.41 8.16 8.92 Z‘Q?
135.49 8.10 7.11 7.359 8.13 8.89 7 .09
154.95 8,06 7.08 7.357 8.09 9.85 z,aé
15404)“? 8-05 7-07 7.5’4 8.06 Cg79 [q§5
135,97 8,00 7.03 732 8.0% 8.75 7*39
153,52 7.97 7.02 7.30 8,00 8.1{ 7.76
13%.11 795 6.99 727 7.96 8.69 773
132.75 7.89 65.96 7.23 7.2 8.§g i
129.‘4‘2 7.81"' 6.92 7.20 7966 a-JO 7\‘
132.15 7.79 5.87 7.15 7.82 g.;o 7.
151,92 7.72 6.81 7.09 7.76 B.42 7.5
131.76 7.50 5.71 7.00 7,65 .51 7.
131.567 7.42 6453 $.81 745 8.10 '7@5
131,66 - ~ = ~ oo ~o = -
131.74 7.59 5.71 6.99 7.63 8.?0 7a2:
151.9% 7.73 5036 7.19 7.78 &.40 zo;p
132,50 7.82 A.9A 7.26 7.87 8.48 762
152.87 7-91 7;05 7;5:) 7-97 8&56 Zu?}l
152.75 8.00 7.15 7 .46 3,06 8.;% i.@a
155,12 8.12 7.28 7429 8.19 8.76 1@22
137.77 8,43 7.59 7.74 854 y.96 dsz
1425&4 [ ] s - N o L

Table 5b.



)

attribubting all the energy recorded on the horizombal
instruments as resulting from ﬁ?ﬁsﬁ Since the vertloal
anplitudes of _BXP should be twerty={lve Lines lavger
then those of GFXS, little error should resull in atirl

ubting all the

(’&3

nargy recovdsd on the vertlcel instruments
as resulbing from SUF. For shallow shocks, the values
of &, for  SKP and ?FKS yere assumed to be those computed
for f8KF in figs. Ll and b, Tasz energy comparisons for
A =132° give a cruds measure of the "focal energy®; and
may have significencs because the actual focus 1s rather
broad. The compsrisons Tor A=135 to 1L0° have, of course,
Hmore phygi@al meaning s

The residuals indicabe that the energy shifts from
long to short perlod waves as the focal depth incrszases.
This prebebly results from the fact that the elastic moduli
rise more rapldly with depbh than the density, a lacter
which would ralse the frequency of the vibretional modes
carrying the dominant energy released In anm elastic rebound.

The vertical residuals ave relatively small; hence,
the observed and theorebical energlea of 8P and SKP are
in good agreement., The large pousitive values for the
horizontal residusls indicat@ that the obssrved energles
of PKS and ,PKS are several times smaller than the theo=
retical @ﬁ@fgiéﬁ@ The problem of too little ensrgy velng

recorded by horizontal instruments 1s not sabisfactorily
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axplained,

Because of the reciprocity of the transmission
coefficients assoclizted with the core 5 they should affect
the energy cenbent of FKS and SYP phases equally. A large
©error 1n the boundary conditions assumed for the core
boundary would producs @ consistent error in the computed
energles for both PXS and SKP phases,

The hypothesis that the energy imparbted 4o the FKS
Thase at the hypocenter 1s smaller than that predicted
would contradiet the cbservation of too much energy on
both horizontel and vertical instruments for PeP by
Martner (1950) emd for FXF by Denson (1950).

The asswmption that the horizonbal components of PKS
surface amplltudes are too low hecaise Hhe angles of
incldence of the shear rays st the surface are smaller
than those caleulated seems untenable for:

1. The weleocity of 3.2 km/scc used to celeulate
the sngles of incldence of the shear waves at the
surface should be relatively close to the actual
valooities ot the recording stations, To obtain lower
~angles of ineldence &t the surface, the veleocity used
mast be smaller. The reduction in veloclty nescessary
to make the horizontezl residuals emall would be une
reasonable.

2. As a conseguence of thelr thicknesses being
comparable to a wavelength, the low velocity crustal
layers may be too thin to affect the paths of the
Jdneident rays. IF this be brus, the incident angles
of the regys &b the surface would be expected to be

larger rather than smaller than the values compubed.

Js Too much energy for the horlzental component



relative Lo that for ths verticsl component was found

Wy Martner for PoP and wy Denson for FEP, This points

to larger, rsther than smaller angles of incldence at

the surface,

The value computed for di/dA dspends heavily on the
seeond derlvative of the travel time curve, Ba@au@@ the
curvature of the theorstical travsel time curve is less
thsn thal of the new carve (ses fig. 2), theoreticel en-
ergies caleulated by use of the new curve would be smaller,
and, accordingly, the computed valuss for A, would be larger
by Osls This would reduce the hordzent sl regiduels bWy a
small amount. The short pericd verticsal residuals would
also be reduced, ovub the long perled vertical reslduals
would he inereased. The curvature of the theoretical travel
time curve is 1@@@ than thet of Jeffrey's travel time curve,
Values computed for Ay by using Jeffrey's curve would be
amaller by 0.1. This would reduce the long peried verticai

residuals, but would increase all cother residuals,
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SKP, PKP, AND THE TMiER CORE

SKP, may have been observed between disbtances of 135
and}i38@a Suen a narrow range of observations probably
results Prem the faet that at disbances less than 1359,
SKP, cannot be distinguished from SKPl, and at distances
greater than 138%, SKP, records with,#eny small amplitudes.
Faw of the polnts used to debermine the observed SKP travel
times (see figs. 16 to 18 in pockel on back cover) will |
line up with a slope stesp enocugh to suggest the upper
focel branch. FKP, has been well observed Ly Gubenberg
(193}) from the focal point near 143° to a maximm distance
of 1800,

Anplitude data for SXKP indicszte that for waves of
periods of 1 to 5 seconds, the focal point occurs ab 13130
and that for waves of periods of 5 to 10 seconds, the focal
 point is broadly defined belween 130 and 131°, For PXP,
Denscn {1950) notes that the focsl point for short paricd
waves occurs et AL7Y, and that the focal point for long
period waves ocours at 13°, Thus, the dependence of the
position of the Pocal point upon the wave periocds is less
vmarked for EKP then for FKP,

Denson suspects iha% the FEP caustle may he affected
by diffraction in accordarnce with Airy's theory. For SKF,

the backward extension from the focus of short pericd waves
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to only 1290 and that of long peried waves to 1259 strongly
suggesty a diffraction phenonencn.

Denson observes that long period PXP1 waves persisb
‘with large saplitudes to distances zs far as 1579 The
new ﬁﬁTV@ for SKP in fig. 2, which 1s based indirectly
upen Denson's results for FKP, indicates that SKP, should
extend to 9%, Actuslly, long period SKP phases could
not be cbserved with certalnty beyond 1459, This may be
due partly to the inderference of SKP phases by late PP
phasgsa

Denson notes that the amplitudes of short peried PKPE
waves £211 off rapidly between 17 and 1579, Amplitudss of
SKPy fall off rapidly between 1313 and W0%, A paucity of
data renders difficalt the determination of the maximum
eplecentral distance to which short peried waves extend,
bub it is not believed to excesd 143%, Gutenberg (1938)
suggests that FKPy mey exbend Lo @piﬁ%nt?%l digtances
greater than that which 1s subtended by the ray which
grazés the inner cores The cbserved data for hoth FXP and
SKF dndlecats that as a result of HfPfraction, the longer
peried waves may exterd into the shadow azone produced by
the inner core.

 Densen noted that PY recorded with kigh amplitudes
between 120 and 1259, Correspondingly, SKPY would be

expected to record with high asplitudes between 11 and
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122° on both short and leng period instruments. S{PV data
from long peried Instrunents ot distances betwsen 122 and
125° wag not avallable. The pericd data for SKP" thus

~ appear to harmonize with that for PN, The insbility to

- identify SKP" between 125° and the SKF focal point may

result from the fact that SKP" motion is too small to be
diﬂ%i@guiShed‘ffcm microselsms,

The separation of long and short perlod energy noted
ny‘D@nson for PKP is not so apparsat for SKP., The fecal
point of SKP depends $o @ less extent upon frequency. The
caustics of the later SKP phases occour ét the same distance
as does that of the imitial, main SKP phase. Some of the
multiple phases have travel times nearly indepsndent of the
weve perlods. The en echelon nsture of the travel Lime
curves for the multiple phases are not so apparent for SKP
as for FKP; although, a shift of SKP energy to the later
Phases For increasing distance from the Tecal point is
observad,

For PEKP, Denson smapﬁﬁié that short period waves arrive
ing b epleentral dstences bebwusen 120 and 1470 and long
period waves arriving between 145 and 157° have separated
Prem sach other during thelr passesge through the earth.

For BKP, a smaller maznitude of separation is indicated.

Fossibly, short perlod SKPY waves arriving hetwsen approx=



Imately 11h and 125° zre ssparsted from long period waves
; L S b

arriving between 1L0 and ILE9,

=
o

twin pulses observed for SKP" mey signify the two
branches of a focudl point. Howsver, the two branches

would not be expected to be distinguished from each other
unless the focal point occurs at a distance several degress
ghorter than the ‘115%@ indiceted by the new curve in fig. 2.

The doeervations of SKPY are essentially in hamory

with thsm for P" znd they corroborate to a limlted degree
Jutenberg!s hypothesls of a large, but continucus increase
in velocity in the transitlon zone et the boundary of the

inner core.
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QUTER CORE

MANTLE

Ray paths of PKS

Figure 1.
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