o
AFCRL 64-835

Research Directed Toward the Use of Long and
Intermediate Period Seismic ‘Taves for the identification of

Seiomic Sources

by L. E. Alsop

Lamont Geological Ubservatory
Columbia University
Palisades, Wew York

Project No, 8652
Taric No, 865203

P

v
Contract No. AF19(604)-7376

/
Final Report v

July 31, 1964

Prepared for

AIR FORCE CAMBRIDGE RESEAICH LABORA TORIES
OFFICE OF AEROSPACE RESEARCH
UNITED STATES AIR FORCE
BEDFCRYZ, MASSACHUSETTS

WORK SPONSORED BY ADVANCED RESEARCH PROJECTS AGENCY
- :

{ s =iy e
i -_2\
s e i

CT VELA-UNIFORM

PA Order No., 292




il W——

S—

AFCRL 64-83%

Research Directed Toward the Use of Long and
Intermediate Period Seismic "7aves for the Identification of
Seismic Sources
by L. E. Alsop
Lam at Geological Cbservatory

Columbia University
Palisades, New York

Proj=ct No, 8652
Task No. 865203

Contract No, AF16(504)-7376
Final Report

July 31, 1564

Prepared for

AIR FCRCE CAMBRIDGE RESEARCH LABCRATCRIES
CFFICE OF AZROSPACE RESEARCH
UNITED STATES AIR FCRCE
BEDFCRD, MASSACHUSETTS

“"ORK SPONSORED BY ADVANCED RESEARCH PRCJECTS AGENCY
PROJECT VELA-UNIFORM
ARPA Order No, 292

Project Code No, 2810 Task 2




Requests for additional copies by agencies of the Depart-
ment of Defense, their contractors, or other government
agencies should be directed to:

DEFENSE DOCUMENTA TION CENTER (DDC)
CAMERON STATION
ALEXANDRIA, VIRGINIA 22314

Department of Defense contractors rrust be established
for DDC services or have their ''need-to-know' certified by
the cognizant military agency of their project or contract,

All other persons and organizations should apply to the:
U.S5. CEPARTMENT CF COiv MERCE

OFFICE OF TECHNICAL SERVICES
WASHINGTON, D. C. 20230




Abstract

A detailed account of the research accomplished as per the
“tatemient of ~ “orx oi this coniract is jivea herein, Of particular iater-
est to the needs of Project VELA-UNIFC Rv. are the following: a study
oi the radiation patterns of surface waves from underground nuclear
explosions and sirall magnitude earthquakes, wherein it was determined
that the radiation patterns from explosions in tuff and alluviumr, but aot
in granite, could be interpreted as arising from an explosive force
actinz as a step function in time,; a study of the relative excitation of
surface waves by earthquakes and underzround explosions, which
yielded the result that most but not all of the earthquakes studied
generated surface "vaves 5 to 17 times zreater than the rcaximurn: ob-
served for explosions of the samr e Richter magnitude; an almost com: -
plete summary of Rayleigh wave phase and sroup velocities for varicus
regions of the world; a program of epicenter relocation carried out s0
far for the South Pacific Ccean, the Arctic north of 60°N, the Gulf of
~den, Red Cea, and Arabian fea, the African Rift 7one, and the Central
Indian Ccean, which shoved that in these places at least large earth-
quakes are confined to much smaller regions than previously thought;
successful utilization oi displacement transducers with long period
s2ismometers, thereby improving the lciz period response of these
instrun-ents by removing the 6 db/octave fall-off with increasing period,
which 1s inherent in velocity transducers,




1.

At present, the current Statement of ‘Jork for this contract
reads as follows:

The Centractor shall supply the necessary personnel, facilities,
servicas and materials to accomplish the following:

Ttem 1 -~ Extension of existinc seismograrch pier to accommedate
the more sensitive, lonzer pericd seismological instrumentation required
to carry out the research herein,

Item 2 - Investigation of the applicability to intermediale
(2 to 10 sec) and long (10 sec and greater) period seismic waves of phase
compensation techniques for the purpose of determining an effective
source polarity as a function of azimuth. In this connection the com-
pilation of world-wide charts or tables of phase and group velocity for
surface waves of various periods will be initiated,

Ttem 3 - Developrment of highespeed computational techniques
for the solution of the normal-mode propagation problems ard the Fourier
analysis and synthesis problems that arise in connection with Item 2,

Item L, - Development of seismic instrurentation with increased
sensitivity in the long period ranse and vith imcroved diserimination
against noise in ths dominant microseism band.

Item 5 « Conduct studies and develop techniques in the use of
specialized instrumentation for seismic data recording and analysis,
Included would be investizations of tape recordinsz systems, filtering,
Aipgital analysis and analogue computers for the purposes of improving

detection technicues and methods of analysis of secismic records,




Tten 6 - Conduct tests to increase the knowledge of crustal
structure by land refraction methods, Field studies, using a portable
selsmic recording system, will be conducted at selected sites,

Item 7 - At a site to hg designated by the Contracting Cfficer,
establish a long period seismograph station to form, with the exi: .ing
Palisades ard Yaynesburg Stations, a tripartite array for basic studies
of body and surface waves, An additional station within the large array
miy be established to form a smaller inner array if these studies indicate
it to be advantageocus,

Ttem 8 - Develop techniques for analyzing microseismic date and
conduct studies of the microseismic spectra,

Note 1 - In the performance of the above research, the contractor
will continue to operate the widely distributed network of lons znd inter-
mediate period Seismic stations that were initially put into operation in
connecticn with the International Geophysical Year, with such changes in
numbers, location, or instrumentation as may be deermed desirable for the
performance of the contract,

The work accomplished under each item will be described in detail

in the bulk of this report,

Item 1 - Extension of existing selsmograph pier to accommodate the more
sensitive, longer period seismological instrumentation required to carry
out the research herein,

Bids were obtained for extending the seismograrh pier, and

also for building a amall additional pier at another location on the




Lamont grourds, Tt w-s deternined th-t the second altern-tive was for
less costly, ond accordingly the sinll additionzl pier was constructed,
ard is in use for lonz periecd seismo-rophs,

Item 2 -~ Investigation of the appliczbility to intermedizte (2 to 10 sec)
ard long (10 sec znd grecter) period geismic waves of phase cempensation
techniques for the purpose of determining zn effective source polarity as
a function of azimuth. In this connectior the compilation of world-wide
charts or tables of phase and group velocity for surfnce waves of various
pericds will be initinted,

A, Radiotion Patterns

A poper, entitled "Badi-ticn Patterns of Surface Yaves from
Undergound Nuclear Explosions and Small Hognitude Eorthquakes" hy
Jomes N. Brure and Paul ¥/, Pomeroy, was submitted to the Journzl of

Geophysicel Resenrch,

In this paper, the radiantion potterns of surface waves were
used to study the source rmechonisms of underground nuclear explosions,
associnted collapses and small masnitude enrthquakes, This study is
the first successful attempt to use the tachnique of Fourier analysis
and phase equnlization as 2 function of azimuth to study the source
mechanisms of underground nuclear explosions, The results are imrortant
to the problem of distin~uishins urderground nuclear exnlosions from
ecrthquakes on the basis of seismic wave gener-tlon 2s well as to the
problen of determining enrthqunke source mechanisms, The successful
application of the technicues used in this paper for the study of
explosion source mechonism, vhich in many w-ys is simpler to study

than for earthquakes, indicnates thot with improved epicentral informetion,




better instrument=tion and accurate regional phase velocity data,
these techniques will ultimotely yield extremely valuable information
about the source mechanisms for earthquakes and explosions =nd about
the tectonic strains within the earth.

In recent years, several suthors have used surface waves to
study source mechanism, However, beczuse of a lack of s sufficient
number of adequately equipped seismograph stations, the methed has not
been fully utilized. The temporary IRSM (long Ranpe Seismic Measure-
ments) stations, estobliched to monitor the underground nuclesr ex-
plosions at the Nevada Test Site, operated long periecd instruments
shorply peaked arourd 25 seconds, ~nd often clearly recorded the
fundamental mods of Love and Rayleigh waves in the period range from
10 to 30 seconds, Thus they nrovide an excellent source of deta for
the study of the scurce rmechonisms of underground ruclear explosions,
since they surrcund the test site and t*e horizontal instruments are
oriented in r=dial and tronsverse directions to the test site,

Seismograms from these stations for the larger underzround
nuclear explosions and certoin earthquakes were studied., Selected
records were digitized and the digitzl records were then Fourier
analyzed to deternine amnlitude and phase spectra, The phase spectra
were then equalized to tae source, The results of this annlysis were
studied 25 o function of azimuth for each event, The results were then
interpreted in terms of possible source mechanisms,

It was conclnded that:

1. The radiation patterns of Rayleigh wcoves senerated by

underground nuclear explosions in tuff and ~1lluvium sucszest that the




5.

source mechanism is on exrlesive force actinz 23 2 step funetion in tire,
The time function orress with thot obtoined by other suthors from

doubly integrated nccelerometer records, dowever, the existence of

Love waves and smnll asyvmetries in Royleish wave amplitudes indicate
that more complicated forces 2150 ~¢t at the source for these events,

2., The collapses which follow many of the larzer cxnlosions
in tuff and alluvium generate Rayleigh waves wvith reversed polarity
relative to the explosions, The source mechanisn could be an imploszive
force acting as a step function in time (or a dovnward force acting as
a step function in time). Love wave gencration by the collapse events
is extremely small compared to that by the explosiecns, This fact
indjcates that the generation of lonz period Love waves is a nroperty of
the source for the explosions, and is not a result of mode conversion
along the propagation path,

3. The explosion in granite (Hardhat) produced a surface
wave radiation pattern with nearly perfect double-couple symrmetry in
both phase and amplitude, Such a pattern could not be ~encrated by a
simple explosive force and must have been cauysed by cracking, forced
rotion alone pre-existing faults, or by tectonic strain release due
either to release of strain in the volume of rock shattered by the ex-
plosion or triggering of tectonic motion alon~ nearby faults.

s The amplitude and initial rhase srectrums of Ravleigh
waves from earthquakes are usually mors complicated than the svectrums
of Rayleigh waves from the explosions in tuff and alluvitm. The
radiation pattern of surface waves for the Arizona-itah border earth-

quake of 15 February 1%62 showed an initial phase of about zero for
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Rayleish waves at all azimths for which it was pessibls to make
reliable measuremenls, This is opposite in phase to the phase ob-
served for the explosions in tuff ard alluvium, Tt is expected that

the ruaiation patterns for Rayleigh waves generated by earthouakes will
be guite different from the radiation patterns for explosions in tuff
ard alluvium ard the results of this ctudy indieate that in the future
it will be possible to use the method deseribed here to study the source
mechanisms of numerous earthauakes.

B. OSpectral Analysis of Body Waves and Synthesis of Tirme

Funcstion

A rethod to compute the excitation time function at the origin
has been developed. This meth>d consists of the rollowing nrocesses:

1. The instrumental characteristics of an electromagnetic-
seismorraph have been comruted and the effect of the instrument may be
removed fron a spectrum of a recorded beay wave, A true ground rotien
is thus obtained,

2, It is kmown that the spectrum of the ground moticn of a
body wave conaists of two parts, a spatial spectrum S(p) and a tire
spectrum F(p)s A mathematical expression for the spatial spectrum may
be derived for a sph:orical oririn,

By remcving the spatial spectrun vhich is cormputed under an
assumption of a double-couple type stress dist:ibution from the spectrum,
she time spectrum F(p) can be obtained from a spectrum of an observed
zround rovement, Finally, the time function 15 synthesized by means of
numerical integration,

Synthesized time functions have been computed for 12 earth-




quakes (L shallow earthquakes, § deep-focus earthouakes), It is found
that the tirme functions of deep-focus earthquakes begin with a sharp
commencerment and die cut very gradually, or lock like step functions, as
exrected, The time functions of shallovw earthouakes are penerally more
complicated; most of them show a doublet type of variation and some of
them are even rore oscillatory.

This difference of the tim: functions between shallow and deep-
focus earthquakes impligs that the effect of the fres surface has an
important role for the shallow earthquakes, Teo study this preblem, the
reflection of the waves caused by a free surface near the erig.n is
taken into account for the cemputation of 2 t'me function of a shallow-
focus carthquake. It is found that scme of the time functicns of shallow
carthcuakes becore very similar to those of deep-focus earthquakes when
the reflection caused by a {re. surface is removed,

Fresumably we may conclude that there iz no essential difference

4

in the mechzanisn of the 2train release

~

Ls

B

or shallew and for desp-focus
earthquakes except for some major shallew earthguakes vhere it was im-
poszible to obtair a simple fire function even if a free surface ree-
cuction has been dene,

Also, an attesmpt to compute a time functisn of an explosion
has been made (Hardhat, February 15, 1962). The synthesized tirme function
is also not eirple in this case, It is telieved that the frecuency rance
in this analysis 1= hisher than for the previous analyses and, accordinsly,
minor structure of the crust has an imnortant effect on the free surface
reducticn, Tt is 4ifficult to make an accurats discussien of the excit-
atien function of an explosion unless we mow an exact frec surface

reduction,
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G, OGsneral Susmayy of Fhase Velcedty larmine Frojest

Rayleigh wave phase velocities are gererally determined by
the following rethods:

1. Tripartite-net method by correlating the same phase in a
three-station net,

2. Two-station correlation methed by selecting at least
two stations which lie approximately in a common great circle with the
epicenter. The wave front is assumed to be perperdicular to the areat
cirle path,

3. One-station rethod by assuming the initial phase to be
irdependent of the frequency at the origin,

Fhase velocities thus determined by many investi-ators in
various parts of the world provide the principal data for the present
report. Haps have been prepared in the forms of resional velocity maps
and velocity-contour raps,

a, FEurasia-£frica

The phase velocity values, which we have obtained for this
region, are determined by means of the two-station correlation and the
one-station methods. They have long naths acrosc several geclogical or
physiographical provinces, However, the rhase velocities through Tibet
and Himalaya are lover than these for the paths across the ncrihern part
of USSR, The phase velccities for africa correscord to standard conti-
nental structure, i.e, abcut 35 km in the crustal thickness., These
average rhase velccities give only a pgross picture of the averare

structure Ior the wave propagation paths,




rethod in the Alps
vhich were determined

our regional velocity

ard Hediterranean by

have been zeasured by the tripartite-net

Knonoff and Press. Their data,
chiefly from Atlantic earthouakes, are used in

map as these waves show less interference,

b, Pacific Ocean

¥uo, Brurne and Hajor used the one-station and two-stetion
corrclation metheds to determine phase velocities for fourteen paths
across the Pacific centered at Suva. Femeroy determined the phase
velocity between Bikini and Eniwetok. Rayleigh wave rhase velocities
for the paths throush the northern PBacific in the deep ocean basins are
definitely hisher than for those paths across the scutheastern Pacific,
where the Faster Isiund Pise is situated. Phase velocities are much
lower for those paths across the Melanesian and Tasman-few Zealard
tectonic complex,

¢, Hew Zealand
Thomson and Evison rublished their phase velocity data for

North Island and the northern rpart of South Island in the pericd range

from 20 to 30 seconds. Their creliminary results scem to indinate that

phase velocities are gquite uniforn in this nart of Hew Zealard,

d, Japan
Bttty et
Lkit's rhase velocity determination by the tripartite-net

method in Japan for the neriod of 29-second Rayleish waves gzives a rocd

correlation between toporrarhy and phase velocity, Low phase velocity
coincides with the hisher elevation in Japan.

South Arerica

This study is still in nror-ress at lamoni, Fhase velocities
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in South America are chiefly determired by the two-station correlation
method. The prelirinary phase velocity data is consistent with respect
1o the geclorical provinces. The paths containinz a large percentage
in the indes have lower phase velccities than those containing a small
percentage in the Andes.

f. Eastern Canada

Brune and Dorman found phase velocities are relatively high
in the Canadian shield area.

g Us 5. A.

The most compiete data available, at present, is in the U. 5. A,
Ewing and Press in 1959 determined phase velocities across the United
States by using a distant earthquake of Samoa in the Pacific. Their
method was chiefly the tripartite-net rethoed, Their work has been ex-
tended here to include the most recent data of the IRSM staticns. 1In
the presaent extension an Atlantic earthguake was used so that a reversed
Rayleigh wave propagation pattern through the U, 5., could be established.
Te determine the phase velocities in the Appalachian Mountain area, the
Mexican earthquake of September 1562 was used, since there were six
IRSH staticns in operation at that time and these stations are approxi-
mately in a common great circle with the epicenter. In the Pennsylvania
ard New York area, phase velccities were determined by Oliver, Iovach
and Dorman,

Cur most recent results of phase velocities determined by
toth the tripartite-net and the two-station correlation methods, are

in gocd agreement vith these previous results published by Ewing an




Fress and Cliver, Kovach and Dorman. The phase velocities are highest
at the West Coast and lowest in the Basin and Range Province, Colorado
Plateau, and Rocky Mountains, The phase velccities become higher,

in compariscn with the high land toward the east in the Intericr Flain,
and again decrease along the Appalachian Hountains.

¥With these data; velocity~contour maps of the United States
were constructed at S5-second intervals for 20, 25, 30, and 35-second
Rayleigh waves,

Detailed studies of the crust and upper mantle structure of
the United States were made along twoe profiles across the continent on
the basis of the phase velocity data, seismic refraction data ard
gravity, These two profiles are (1) from Southern California tirouch
Arizona, New Hexico ard Tennessee to the Southern Appalachians, and
(2) at the northern psrt of the United States extending from San
francisco through the Basin and Rance Province, Pocky lountains, and
the Interior Flains to Hew York.

The phase velocity data sunport the existence of the inter-
rediate layer in the crust, which is in general identified by secord
arrivals in the seismic refraction method, Hevertheless, for the
Pennsylvania and Hew York area and for the west coast of California,
the assumed one-layer structure also fits the ebserved data., This

demonstrates that the structure interpretation is never unique.
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Item 3 - Development of high-speed corputational technigues for the

solution of tha normal-mode propagation problems and the Feurier

Wi ——

analysis and synthesis problems that arise in connection with Ttem 2.

A. Travel Times, Body Waves ard Dispersion in the Farth

A simple relation between body waves and higher mode dispersion

Al W

has been derived, based on a constructive phase interference requirement
for body waves such as SH and PS, For a normal mode, the travel time, tt,
for a given distance, £ and phase velocity, 1/(dt/d 7)), are related
to the period, T, by the equation:

tt =N\ (@t/a/\) = n +f’5 /2T
where n is an integer equal to the mode number minus one, andlﬁ iz a
phase shift arising from reflection and propagation of the wave. The
group velocity is given by O /(tt = (gT%) = const , For a homogeneous
sphere é is the phase shift for reflection from a spherical surface,
¢ (and T) may be experimentally determined from the difference in phase
of Fourler transforms of successive surface reflections of body waves
correspording to rays of a given phase velocity (e.g. ScS at cne station
and ScS5ScS5 at another station at twice the distance), The methed may be
used to measure torsional dispersion from SH and SHcs waves ard, over
a limited phase velocity range, spheroidal dispersion from PS waves,

The discovery explains very sirply the relationship between
hody waves and hizher normal rmodes and thus adds greatly to the under-
standing of wave propagation in the earth,

Experimental values of dispersion are ziven for several

ot e et e A I R e e el e

values of phase velocity (8 to 35 km/sec) and modes from 3 to more than

10 and :ompared with theoretical values,

o B
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!y Calculation of Free Pericds of (Cscillation

Tvwo procrams for the IBM 7090 have besn comrleted for the
study of the free oscillation of the earth. Cne rrosram computes the
periods of the free vibrations for earth models consisting of a solid
mantle and a liquid core. The other program has provision for treating
farth models with a solid inner core. In addition, both programs
compute phase and group velocities and the amplitudes of radial ard
transverse particle motions and the gravitational perturbation as a
function of depth,

The free perlods and resulting phase velocities have been
calculated for all crders with {ree pericds greater than 2C0 seconds
for the fundamental and first and second higher modes for four earthn
models. The four mcdels used were obtained by combining compressional
and shear velocities according to Jeffreys or according to Cutenbterg
with either Bullen's density model A or B. The Bullen B model used
differed from that originally proposed by Bullen in that the inner core
was assumed to te liquid.

With these data it is possible to obtain theoretical phase
velocity curves for long period surface and mantle waves above 200
secords. With increasing period these waves become less and less de-
pendent on crustal variations and therefore it is much easier to deter-
mine the source rechanism, Unfortunately, in this case theory is ahead
of observational data and must wait for more sensitive long period
seismographs,

The effect on the free pericds of introducing rigidity into

the inner core has also been studied. The core modes are very sensitive
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to the rigidity of the inner core, decreasing rapidly in period with
increasing shear velocity of the inner core, However, there is very
1little effect on the normal types of spheroldal vibrations, except
when thie pericd is close to thut of a core mode, Under these circum-
stances an interaction occurs between the two modes in which the
vibrations take on characteristics intermediate between the two modes,
and an appreciable shift in period occurs,

During the course of this investigation, scveral new modes
of vibration have been disccvered., One of these, a long period vibration
of order number one, is very simiiar to the vibration propoesed by
Slichter to explain the period of 86 minutes obtained in the spectrum
of free vibrations from the gravimeter record of the great Chilean
earthquake of 1960,

C. BRayleigh VWave Fhase Velocities at Very lLong Periods

Spectral peaks corresponding to the free pericds of oscillation
of the earth have been found in the spectra of eicht seismograms obtained
from vertical seismographs locsted at various stations around the world,
The stations are all part of the lamont world-wide network of long=-
pericd seismographs initially placed in operation during the International
Geophysical Year, The stations in question are located at Agra, India;
Hallett, Antarctica; Hong Kong; Iwiro, Republic of the Congo; IMt.

Tsukuba, Japan; Resolute, Northern Canadian Islands; Suva, Fiji; and
Uppsala, Sweden. All of the data were obtained following the great
Chilean earthquake of 22 May 1960, The vertical seismoeraphs are all

equipped with 15-secord pendulums and 75-second zalvanomsters,
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The records used started frem appreximately four to approxi-
mately fifteen hours after the earthouake cccurred. In most cases the
selsmoreters were driven off scale and were reset the following day
when the records were changed, This is the primary reason for the
different bveginning times of the records. As ruch as possible of one
complete day's record was used for the analysis,

The seismograms were digitized at Iamont, All of the records
were digitized with an interval of aprroximately six seconds between
data points. The exact value of the digitization interval was cal-
culated to three decimal places by dividing the time lencth of the
record by the rumber of data points. In this way allowance could be
made for the stretching or shrinking of the record paper during processing,

Prior to digitizing, the records were smoothed by eye to re-
move extremely short rericd waves, After digitization, the data were
smoothed by averaging over 19 and 21 points, and then every third point
vas selected in order to reduce the amount of the data vhile aveidin
aliasing, The data were then Fourier analyzed and the rericds of the
spectral peaks obtained by interpolation,

The various spectra show the features to be exrected, Since
these are all the spectra of vertical seismograms, cnly the scheroidal
types of oscillation are observed, The general aprearance of each of the
spectra is approximately the same, The rapid fall-off of the sensitivity
of the seismopraph at long periods limits the lonsest observed free
oscillations to those with perieds of about 600 to 70 seconds, that is,

to approximately orders B and 9 of the fundamemtal mode. The shortest




ot W —

16.

pericd escillations observed are of the order of about 200 seconds.,

As might be expected, the short periecd oscillations decay more rapidly
with time than the long period oscillations, Therefore, the spectra of
the seismograms starting many hours after the earthquake de¢ not have
peaks with as short a period as the spectra of seismorrams starting a
few hours after the earthquake,

The highest order observed for the first higher mode is
possibly order 9, This is in accord with theorstical calculations which
indicate that the amplitudes of orders 9 through 15 will be small at the
surface of the earth.

The data discussed so far have been combined with all other
free oscillation data available for the spheroidal oscillations to
obtain average values for the perlods of the free oscillations, There
is a slight problem in chocsing data about spheroidal oscillations,

For orders 10 and below of the fundamentsl mode there can be no confusion
in distinzuishing sphercoidal from torsional oscillations with the ex-
coption of S7 and Tg, so that all of the data available were used for
these orders. For orders higher than 10 it becomes difficult to
positively identify a spectral peak as belonging to a spheroidal or to

a torsional oscillation, Accordingly, for orders higher than 10, only
data obtained by vertical seismographs or by gravimeters, both of which
record only spheroidal oscillations, were used,

The data selected in accordance with the above criteria in
addition to that previously discussed were obtained by workers at Los
Angeles; Pasadena; Palisades; Chester, New Jersey: Tiefenort, Germany;

Trieste; Paris; and Xycte. The data of the first four were used for




all orders, of the last four only for orders 10 and below,

Since the earth is neither homogenecus ner a srhere, and its
elastic parameters and density vary azimuthally as well as radially,
it is not to be expected that the periods of free oscillation will he
the same at all stations. This may be seen intuitively by considering
the free oscillations as standine waves which arise from the constructive
interference of surface waves, Thus, if the great circle npaths through
the several stations differ, it can be expected that different periods
of surface waves will constructively interfere aiong the different paths.
Therefore, a systematic variation between stations should be expected,
particularly for the shorter period oscillations which are confined to
the crust and upper mantle. A comparison of the observed periods for
the different stations with the average reriod does show this systematic
difference at the shorter periocds, that is, 200 tc 350 seconds.

The phase velocities of Rayleigh waves can be calculated from
the periocds of the sphercidal oscillaticns. The phase velocities of
course can be calculated only at the periods of the free coscillations.
The actual curve, continuocus from 200 to 32C0 secconds, is obtained by
interpolating graphically. Over much of the range the standard error
of the mean is less than one part in a thousard.

For rurposes of comparison, phasc veleccity curves obtained
from the calculated free periods of oscillation for lwo earth models
have been compared with the observed data. The models both have
velocities accerding to Gutenberg but one has the densities of Bullen!s
model A, the other of Bullen's model B. For pericds sreater than 1C00

seccnds, the phase velocities calculated from the observecd fres periods
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or the Gutenbers-Bullen B model,

(551

cr pe.diceds less than 10CC seconds, the cbserved phase velocity diverges
3

vr-q

frem that of the Gutenbere-PBullen R model and fends teward the phase
velocity ecurve of the Pullen 4 model, finilly mecting the curve at

about 550 seconds., The cbserved curve follsws the theoretical curve

for the Sutenverg-Bullen A rodel, at first slightly belcw, then slightly
zbove w.:il 350 seconds. The variations in this periocd range from the
theoretical curve are only slisht, but they are consistent arnd do not
show any random character, Below 35C seconds the cbserved phase velccities
diverpe downwards from the theoretical rhase velocities, Once apain they
approach the Gutenberg-Bullen B medel but continue right through this
phase velocity curve and near 230 seconds.the observed phase velccities
are lover than those calculated for either r-~del. The cbserved phase
velocities in the pericd ranre of 200 to L0O seconds are in excellent
agreement with the values obtained frem surface waves by Bne.

D, 3hort Pericd Seismic “/aves

The prcpagation of short-period oceanic surface waves with pre-
dominant pericds betwesn 5 and 20 secends was studied for a large number
of patns in the Atlantic, Irdian and Pacific oceans., In the ccean basins
these waves are controlled largely bty the sedimentary layer. The ampli-
tudes of the short-pericd waves are rreatly dependent unen the nature of
the propazaticn path and en the properties of the scurce. Surface waves
vwith perieds between 5 and 10 secends are often cbserved for paths taat
cross the cortinantal margins of the Pacific, hut are reccrded only

r-rely for similar transmission paths in the Atlantic, Probably this




effect is due %o the differences in the structural confipuration of the
margins, particularly to such differences in the sedimentary strata,

Seismic refraction and reflecticn measurements indicate that
most of the cceanic paths fer which the 5 to 10 secord waves are chserved
are characterized by sedirentary thicknesses that do nct average rore
than a few tenths of a kilometer, The predominant pericds of the short-
rericd wave train are increased to as much as 12 te 20 seconds for paths
that traverse the thick sediments of the Arzentine RBasin, This increase
in period, which was predicted theoretically for regions of relatively
thick sediments, indicates that the low-rizidity sedirents play a prominent
role in deternining the character of the short-pericd wave itrain. The
increase in the predominant perieds ¢f the waves associated with the
first Iove and first shear mede also accounts for the absence of the 5
to 10 second waves in areas of thick sediments such as the ccntirental
rargins of the Atlantic,

Dispersion data for the Rayleiph. first Iove and first shear
modes were used in conjunction with reflecticn and refraction results te
estimate the averape shear velocity in the sediments of the Argentine
Rasin. The average shear velccity in the upper 0,5 lom of sediments is
about 0,2 to O,k km/sec, ard the velscity in the kilometer of sedirents
belcw this is about 0.5 to 0.7 im/sec. Sedirentary shear velccities cf
a few tenths of a kilometer per secord were also obtained for paths
along vhich the averapge sedimentary thickneszes are a few tenths of a

iHilometler,
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or group velocities between L.2 and 3.L knm/sec, the particle
motion in the first shear mode is retrograde; ratices of horizontal-to-
vertical meticn as large as 3,5 are observed at islard ard coastal
staticns,

Seismic waves with periods of 10 te 30 s=conds and with group
velocities of L,0 to L.L km/sec are sometimes recorded on the vertical
components of long period seismographs. Thesze vaves may be explained as
higher medes of the Rayleigh type. Oscillatory waves with pericds of S
to 10 secords are observed to follow the P wave in many oceanic areas,
These arrivals are atitributed to a type of leakdng mede that resulls
from the multiple reflection of SV waves in a low-rigidity layer.

E. Epicenter Relocation

Seismicity studies were carried out for the follewing areas:
the South Pacific Ocean; the Arctic north of 60°N; the Gulf of Aden,
Red Sea and Arabian Sea; th> African Rift Zone; and the Central Indian
Ccean.

The method of precise epicentral determinstions consists of
relccatins the eplcenters of earthquakes using a computer procram, A

program ¥written by Bolt (Geophysical Journal, 1960) has been modified

for this study. Hore than 20C P and PKP readings were used for some of
the larger earthguakes studied., A1l known earthquakes within the above
regions were relocated for the periecd 1555 to 1662, with the exception
of the Scuth Facific (1957 to 1563).

‘"hen previocus determinations of epicenters were plotted on a

rmap for the mid-cceanic ridges, it was found that the data scattered
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over a belt approximately 200 to 5C0 km in width., After the erpicenters
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relocated, the data were cencentrated within 50 km of the crests

(]

f the ccesnie ridmes, Huch information concernins the geclorical
structure, the positicrn of the mid-oceanic ridge, and the existence cf
fracture zones can be learned from a study of precise locaticns of epi-
centers. In each of the areas studied, information was aveilable for
mere eartiiguakes in the interval 1955 to 1i$62 than was available for
the previous 50 years, R
If these results are typical of seismic belts ard of small
shocks as well as large ones, this study is of considerable importance

to the VEIA progranm,

Fo Study of the Deep Arpentine Earthquake of December B8, 19£°

1. OUbserved travel times for multiply-reflected ScS waves.

Maltiply-reflected waves from the December 8, 1962 deep-focus
earthquake in Argentina were recorded very clearly at stations of the
Lamont IGY and USCGS standardized world-wide networks, and at Canadian
stations, The data gathered from this earthouake for the multiply-
reflected 5¢5 and s5¢5 were used to construct ard to exterd teo shorter
e~icentral distances the travel tires of these rhases. The cbservatiens
of the 5¢55¢5, 5c55¢55¢5, s5¢55¢55¢8 and Se55¢53¢SSeS have enabled us to
obtain the travel times down to an epicentral distance of §°. The
existing tables so far show the travel time of 3c¢S5¢5 down to an epi-
central distance of 90° only. A paper on this subject was rrezented
at the 3pring 196L AGU rmeeting in Washington, D, C,

In the precess of plotiing the SeSSc5 travel times, a mistake




was found in the literature for the 5235¢5 travel times (Gutenberg

and Hichter, "Donnees Relatives a LiEtude des Tremblements de Terre

a Foyer Profond", Publicutions du Pureau Central Seismologique Inter-
rational 1927, and in Richter, C., Elementary Seismolozy, Freeman & Co.,

1958, p. 68L.

2. PRipidity and § factor determination

The S, S5eS5, sScS, S5eSSe5, s5¢55¢3, ScS5c55ch, 85¢55¢55cS and
Sc55¢85¢55¢S have been recorded very clearly at some of the IGY ard ISCGS
stations around the world, and at Canadian staticns. These phases have
been digitized and, using a Fourier transform program for the IBM 1620,
their specura have been obtained. A program has bteen written for the
same computer in order to obtain the path length of the body wave urder
consideration., This program uses a given velocity vs. depth distribution,
and computes the path length. A program vhich calculates the reflection
coefficients at the core-mantle boundary, and at the free-surface, is
used in order to correct the observed srectrum of these phases. It has
been found in the process of computing the absorption cocefficient that
there is an extra term, which has nct been taken into account Ty rress,
which arises from the georetry of the problem. For an 5c8 the pecretrical
factor for reflection at a spherical surface is diverzent in pature, and
it is indeperdent of the physical properties of the material or wave-
lenzth, This sarme factor of reflection at a spherical surface is con-
vergent in nature for the 5¢55¢5 amd higher order reflecticns at the
core-rantle boundary,

Multiply-reflected ScS phases (of the SV type) recorded at

close stztions are used in the calculation of the rizidity of the
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cuter-core ¢f ithe earth, This calculation of inh

& rigicgity usiag

stations at lareer distaness is  under study.

4 favlt-plane soluticn has bteen made using readines of com-

u)

pression and dilations of 36 stations arourd the world, Dr. Hodgson,
of the Deminicn Ohservatory, has run a fault-plane solution with a
program for the IBM 1620, and he has obtained a fault-plane solution
very similar to the one obtained by this investizator for the sare
earthguake of Decerber 8, 1952, (a2 sinsle-counle tyre of mechanism),

P ard 5 waves at 11 stations were di-itized and Fourier trans-
forms were oblained for these phases, These spectra of F and S waves
have been plotted and will bte cospared with spectra obtained for P and
5 waves from thecretical considerations apnlicable to a double-couple
mechanisme The thecretical development has been carried out by Dr.

T, idatumcto, of lamont Geolcogical Cbservatory, Usins the speetrum of
the P and 5 waves, a radiaticn pattern for a piven spectral cerpenent will
be plotted versus azimuth, (Amplitude (T) vs. Azimuth). ({&1so, an

amplitude (T) versu

o

distance plot wiil be used to infer, if possible,
how sharp the core-mantle discontinuity is.)

The spectrum of the P and S waves will be used, also, to
ascertain any aziruthal effect on the spectral structure of these phases.
Kasahara has done a study along this lire; hcwever, he did net have any
cenelucions as to the observed difference in spectral structure of the
S phases. Ien lienahem has claimed that this difference may be due to a

moving source,




G, Characteristic Humbers of the Semi-Diurnal Earth
Tidal Compenent for Varicus Earth Hedels
& study of the static deformaticn of ‘he earth due to tidal-

gererating potentials to evaluate the possible cause feor the discrepancy
betueen the accumulated cbservatinnal data of earth tides feor the
principal semi-diurnal tidal constituent, F,, and the theoretical values

has teen made, The characteristic numbers, h, k and,i?

of the earth
have been calculated for earth models consisting of velocities due to
Jeffreys or Guttenberg with Bullen A or Bullen B density distributien,
The computations vwere made using a modification of an earlier procran
for an IBH 705C written for calculating the free rericds of the earth,

I. is found that the characteristic numbers of the earth are
nearly independent: (1) of the presence of the sc™id inner core for a
wide range of the possible values of the outer-core ripidity; (2) of
either the Jeffreys or the Gutenberg velocity models; i.e, of the
preserce or absence of a low velcecity chamnel in the upper mantle., A com-
parison of the theooretical gravimetric factors G calculated for a conti-
nental and an oceanic earth medel with the observed gravimetric factors
of the semi-diurnal tidal constituent obtained principally during the
International Geophysical Year indicates that the differences in the
observed values of G aprear to be primarily due to the effects of the
ocean and only secondarily to differences in the variation of the
crustal cuructures, 7Iherc is virtually nc effect due te the preserce
of the s0lid inner core,

H., PL Yaves

£ paper entitled "Dispersion ard Attenuation of leaking Hedes®




u, J. Perman and Jack Oliver is nearing completien, This maper
“escribes a study of elastic waves correspordine to the fundamentsl and
hirher leaking meodes in the continental crust-mantle vaveguide, The
appreach is both theoretical and experimental, The theory is based on
Haskell's (1962) matrix formulation for motion at the surface of a
layered half-space a5 a result of a body wave incident en the layers
from the half-space. A methed is developed for cbtzinine dispersion
curves and atienuaticn for waves of the leaking mode type. Theorctical
curves and atvenuaticn computed by this method for a number of carth
models are then compared with dispersion and attcontuation data of
Oliver (196L) and with some new data for certain paths in South America.
Theoretical values of attenuation for simple carth models are in reascnable
agreement with that measured for PL proparation across the United States
ty Oliver (196L). Thecretical curves are consistent with data for wawes
of the PL type and of the shear-coupled PL type. In particular, it is
demonstrated that dispersion data for the shesr-coupled PL waves are of
special value for a mere refined determination of earth structure,
Furthermore, certain waves vhich aprear to be associated vwith at least
w0 hisher leakinz modes were discovered. The identificaticn of exterded
wave trains in the portion of the seismoerams between the P and S waves
fer shocks at rcderate epicentral distances with the leaking modes
offers the hope that substantial portions of many seismograms can ‘e
explained in this manner.

I. Spectra of Body Waves

The nature of the spectrum of a bedy wave has been studied

vith special emphasis on peaks, trouchs and corresponding pericds,

T

o



T_/____—__

26,

M -

Theoretically, the possible causss by which the peaks and

troughs can be generated in a spectrum of a body wave are as faollows:

M

1. The Source Mechanism at the Crigin,

i |

a, According to the distribution of an initial stress

at oriein, pezk(s} amd treugh(s) may be generated in the spectrum of a

]

radiated bvody wave, For the excitation caused by a double-couple type
of stress distribution, the trough pericd in the spectrum (Tt) (the

period correspording to the minimum amplitude) is approximately given by:

S

Tt '= r=dius of cpherical orizin/shezr vave velceity (1)
fer the P wave, The spectra senerated Yty varicus other distribulicns
of stress are slzo being investirzated.

b, The hypothesis of a moving source introduces a series
of peaks and troughs in a spectrum of a body wave.
The pericds of che troughs are functions of the azimuthal

angle S0 and the rupture velocity =y, and are given by

1 v /cCr
™ = 5% = | — - Qo |
g Cr \v cos O/ (2)

where b is the extension of the fault and ¥ is an integer.

2. Selective Reflection and Refraction at Multilayered
Discontinuities

If there is a multilayered medium, selective reflection ard
refracticn occur as a result of interference. The reflection coefficient
has been computed for a free surface,

The computed reflection coefficient shcws a series of minima
in the amplitude. The corresponding periods are functions of the

incident angle, the elastic contents, the densities of the layers and the

thickness of the layers,




3, The Effect of a Tire Window
er a given time function Y ({t}, the effect of a time wirdow

used in a spectral analysis can be expressed by
.
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i U N ,;) is a computed spectrum

2% (e J) is a Fourdier transferm of f,(t)
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=2 (J) represents the effect of a time window.

If the time }xind@t—:? (L) is given by
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Therefore pseudo peaks and troughs of the spectrum may be introduced
by this phenomena.

L. The Effect of Superpositicn of imltiple Arrivals

If the seismogram consists of two {eor more) arrivals of suc-
ceeding body waves with a tire separation ¢ {(such as P and pP, PKPy
and PiPs, and S and sS), these waves will interfere ard give a resultant
amplitude moculated wave train,

The spectrum of this resultant wave train 'f{t.) is given by

L ) = JFE) ¢ oaf (er) Wl (6)

P

where a is u constant ( ia |
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For a -~ 1, this can be approximated by

_fi.{ia)) = Mo o{w) 12 ccs (&;3 /2;} ei(igj1sy2)- (1)
Therefore - « {LJ) has minimum amplitudes at

(TUT

—

65}1: - 1 L,
= (5 + W, 8)

Ml . l‘

where N is an integer.

The initial movements of the Chilean earthquake, May 22, 1960,

friFm——

have boen analyzed and compared with the theoretical aspects.
§ Ko evidence of a moving source given by (2) was found, but at
Rio de Janeiro ard at Mt. Tsukuba, it is found that there is a gocd

agreement between observed trough periods and computed trough periods
from eqg. (8) as follows:

1) At Rio de Janeiro (A = 30,0°)

Observed trough pericds (sec.) 120, 37.3 22,5 17.3

Computed trough period from
eq. (8) for t = 57,5 sec, 115, 38,3 23,0 15,5

From the J. B. Tables, the time interval t between PP and P is

given as

t = 5705 sec,
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2) At Mt, Tsukuba (= 153.29)

Observed trough pericds (sec.) (20.8) 15.9 9.3 7.2

Computed trough pericd from ,
ege (8) for t = 23.3 sec, Li6.6 15.5 9.3 6.1

N 1

"
(7S]

From the J. B, Tables, the time interval t between PKP, and
PKPl is given as
t = 21.9 sec,
This implies that the use of the trecugh periocds caused by inter-
Jerence gives a goodglue on how to separate multiple arrivals of bedy

waves with a small time interval,

Jde Surface ¥ave InversionVStudies

A paper entitled "Seismic Waves and Earth Structure in the
Canadian Shield" by J, Brune and J. Dorman was published in the Bulletin

of the Seismological Society of America. For “his paper careful

measurements of phase velocities in the Canadizn shield have been made
in the period range 3 to 90 sec for Rayleirh waves and 12 to 60 sec
for lLove waves by phase correlation of wave trains., The continental
Love wave phase velocity data are the first to be reported in the
literature. The phase and group velociticse are higher than yet found
in any other continental erca, indicating relatively higher chear
velocities in the crust and upper mantle. For paths in the Canadian

shield a prominent lg arrival with a velocity of almost 3.65 km/sec is
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cbzerved and an Sn arrival is recorded clearly ito distances of about
LOCC ke with a velocivy of about L.72 km/sec,

A theoretical layered model of the crust and upper mantle
consistent with the various types of data has been derived by an in-
version method empleying least-squares curve-fitting of phase velocity
data, This medel has a three-layered crust 35,2 km thick with shear
velocity increasing to about 31,85 km/sec in the lower crust, The upper
mantle has a nigh sroed layer with shear velocity L.72 kn/sec down to
about 115 km below which the low velocity channel has a shear velocity
of about L,5 lm/sec down to a depth of atout 31 km, At greater depths
the shear velecity closely follows the Gutenberg model.

Hisher mode phase velocity dispersicn curves computed from
the theoretical mecdel are used for computing theoretical seismograms
for the Canadian shield., These theoretical seismosrams possess man,; of
the features of the observed Ig arrivals, showing that Lg can be explained
by noermal mode wave propagation in a simpl):, layered crust.

This naper shows that new methcds of measuring and interpreting
surface wave dispersion, combir::d with travel tire data, can provide
detaile . and reliable information on shear wave velocity distribution
down to depths of a few hundred Kilometers in regions of horizontally
uniform structure,

K. Use of Partizl Derivatives of Surface Wave Fhase Velocities

By using erargy equations, which are equivalent to furdamental
equations and boundary conditions in surface wave problems, one can obtain

analytical expr-ossicns for partial derivatives of phase velocity with




respect to physical parameter chanses within the esarin, These derivatives
can te czloulated by knowing only the eipenfunction correspendine to the
phase velocity. Humerical examrles were worked out for C:°3D preoposed

by Brune and Dorman for the Canadian shield, the Jeffreys medel and the
Gutenberg model for crust-mantle structure. The application of these
results 1o numerical inversion of surface wave data has been demonstrated

for the Canadian shield,

Item L - Development of seismic instrumentation with increased sensitivity
in the leng pericd range and with improved discrimination against noise
in the dominant microseism bard.

A. Seisroseters with Disrnlacerent Transducers

Cne method of increaci:ig the sensitivity of seismometers in the
long period range is to use displacement transducers instead of velocity
transducers, Therefore the lamont Geclogical Observatory set itself the
task of develeping reliable displacement transducers for long period
seismographs. This has been accemplished,

The systen consists of the following: three-component long
pericd seismometers with a free rescnance pericd of 15 securds equipred
with displacement transducers of the capacitance type and asscciated
amplifiers to give a sensitivity of 25 millivolts per micren sround dis-
placement amplitude. The system provides feedback contrel circuitry
for raintaining center alienment of the lerg-peried seismemeters,
Gravity and tilt information are provided by renitering the feedback

signal required for serve centering.
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The basic seismometers used are modified Press-Fwing type
instrurents manufactured by the lehner and Griffith Division of United
Electro=-Dynamics, The asscciated electronics have the following specifi-
cations:

Qutput level: + 2.5 volts DC + 50 percent with a zero

to five (5) volt capability

Cutout sensitivity:

Seismic output: .25 mv/mu

2.5 mv/mu
25 mv/mu
depending on gain setting

Feedback output: «232 volts/securd of arc or 290

volts/cm/sec?

Longfterm stability:

Seismic output: 5% of full scale
Tidal output: 5% of full scale
Linearity: 10% of best straight line
Equivalent input noise: 25 uv p-p for 90Z of the tire
Frecuency respense: (Filter Pazshard)
Seismic path: 1/60 cps te 10 cps
Feedback path: BC to 1/2350 eps
Attenuation factors: 1, 10 ard 1000 (rominal}

Briefly, the principle of operation is as follows: The outer
plates of the balanced capacitance transducer are excited by an

cscillater through a center-iapped transformer, in push-pull fashion,




Relative mction between these and the center plate of the transducer is
picked up as an amplitude-modulated, suppressed-carrier voltage, amplified
ard detected in the Synchroncus Democdulater, The cutput is filtered to
suprress hich frequency compenents and then fed through an attentuater

to a high-pass (Tp = 60 sec) filter to remove the DC component, Tt is
then further ampliiied by the Seismic Amplifier.

The cutput of the Dercdulater is also applied to a low-pass
(Tf = 2350 sec) filter whose output is used for continucus servo-centering
of the transduser through a coil-magnet assembly, This asserbly is also
used to provide the proper damping for the seismometer. Resistor Rey
determines the amcunt of this positioning feedback and resistor Ry
provides the damping, The feedback signal is proportional to long-period
motion of the seismic mass, The other side of the seismometer coil is
connected to a 2,5 v supply source, so that the reference level is estab-
lished at mid-scale,

In~phase ard 180-degree cut-of-phase compcnents of the feed-
back signal are fed into a circuit which centers the vertical instrurent
should the instrument drift cutside its operating range. The sysztem is
calibrated by applying a current pulse into the seismometer coil through
an attenuator worlkdng in reverse fashion from the attentuator in the
seismic path.

These instruments, with and without twin-T band rejection
filters in the seismic cutput have teen in continucus operation at Iamont
for several months, Thres-comronent selsmic outputs and three-component

tidal cutputs are recoerded routinely.
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These instruments demonstrate excellent mechandical and
electrical stability and minimize the need for the electromagnetic
transducers standard on many seismometers which introduce an inherent
6 db octave drop-off in the response to lone period signals. The use
of instruments of this type will allow long pericd seismic signals to
be recorded more eacily than heretofore, The tidal ocutputs record
solid earth tides routinely and at the same time provide an extrere
long period seismic response zo that long period mantle surface waves
may alsc be recorded, Altheugh these systenms are currently more
expensive than standard ssismometers, the technigue will prove more than
worthwhile,

B, Use of Surface Yave Rejection Filters to Record Mantle

Waves of Iow Qrder

Following the successful use of galvanometer band-rejection
filters to reduce microseismic noise, the same technique is being used
to filter ordinary surface waves and thus obtain clear Yeccrdings of
early mantle wave trains from large earthquakes. The long-periocd waves
are usually so obscured by the ordinary surface waves that it is diffi-
cult to analyze them. For several recent large earthquakes, clear
records of mantle waves of order Rl (travellinz directly from earthquake
to station) and order R2 (travelling indirect path) have been recorded,
The records are ideal data for the study of source mechanisms of large
earthquakes, i.e, the determination of such information as length of
fault amd orientaticn of forces,

At present the system consists of a normal 30-100 long perioed

Press-Fwing seismograph system with three band-rejection filter galva-




noreters in series, FEach filter szalvanometer is preceded by a
3000 4-shunting resistor. The value of these shunting resisters is
eritical in determining the shaps of the response curve for the system,
For larger values of shunting resistance, the system is more tightly
coupled with greater sensitivity but a more distorted respense curve,
The periods of the filter galvanometers are set at 15, 25
ard 35 seccrds, The cholee of perdods is also critical in determining
the response of the system., With the present system the filter galva-
nometers occasionally overload (rebouni apainst the stops) for large
earthquakes, It may be necessary to add one additicnal {ilter gzalva-
nometer to correct this situation. The system as presently operated

has been calibrated by analysis of itec transient response,

EEEEJi - Conduct sbtudies and develop techniques in the uce of specialized
instrumentaticn for seismic data recerding and analysis, Included would
be investigations of tape reccrding systems, {iltering, digital analysis
and analogue corputers for the purpose of improving detection techniques
and methods of analysis of seismic recerds,

4, Analogue Techniques

Analogue corputational techniques may be used in conjuncticn
with present seismic instrumern.ation to extend their capabilities, Alsc,
enly by the use of analegue technicues will it be possible to process
the flood of data which will arise in connection with the needs of
Project VELA, Several ney techniques for analysis of seismic data have
been developed. These include the following items:

1) For many problems involving successive filtering to look
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at different portions of the frequency spectrum, particular slopes on

the seismograph response curves are required, in addition, inverse
filters are required tc shape the instrumental response or Lo remove

the instrumental effect entirely from the seismogram., The building

of inverse filter elements is particularly simple using analogue computer
ccepenents in the desipn stages, The use of these inverse filtering
techniques will become progressively more important as more ragnetic tape
cata become available,

2) Suecessive filtering of long-period seismic signals nas
been shown by Sutton and Pomeroy to be hishly effective in removing
microseismic noise ard in the selection of desired porticns of the fre-
quency spectrum for subsequent analysis, This technique which enhances
the signal to noise ratioc allows, in scme cases, the identification of
waves otherwise cbscured Yy higher amplitude waves of different period.
It is important in performing analyses of this type to remove the Iilter
phase shift characteristics from tho seismogram. This is done by playing
the seismic signal through the filter, recording the filter output and
playing the rerecorded signal back through the filter backwards in time,
This results in a flat phase spectrum but the amplitude response of the
filter as it affects the siznals 1s squared,

3) The output from the inverse filtering arrangement described
under 1) can be squared and integrated with optional filtering to provide
an output proportional to‘J/:uf” 2dt which is a measure’of the kinetic
energy associated with the ground motion at a particulafast;tion. The

value of this integral can be summed for all three components of ground
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rotion to sive a measure of the total kinetie erersy observed, This
number, in turn, gives scme reasure of the scuree energy but of course
does not take into account the variation of bedy wave encrzy with angle
of incidence (with epicentral distance) or variations in surface wave
energy with azimuth, The study of the enersy aecumilation as a function
of time shows wide variation on the three components, The measure of the
total ener=y accumulated if a narrow band filter is used rives a rough
rmeasure of the power spectrum of the tire series on the marnetic tape.

i) If the tire series is multiplied by sine and cosine
functions and the separate results are intecrated to form the values of
j/ﬁf(t)*i51n h’ dt, the Fourder sine and cosine coefficients result,
which squared, added and the square recots taken, give the Fourier
amplitude ccefficients, These coefficients have bezn derived for several
earthquakes and for the USSP nuclear shet of Cetober 30, 1961. The
spectrum of the nuclear explosion as recorded at falisades and as derived
using the above techniques, is remarkably similar to digital spectra of
{BSR exnlosions of the 1958 series as recorded at Palisades and derived
using digital computers, The exception is that there is eviderce of sore
stronger lonz-period generation tor the 1961 series,

5) If the azimuthal ansle of a given seismic event is known,

a rctation of aves analysis may be perforred using simple analosue

~a

components so that Tine transverse and lonritudinal records may be
obtained, Once this analysis has been performed, the lonpitudinal and
vertical components may be multiplied torether te separate compressional

type particle motion from shear tyre particle rotion in most cases,
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Several earthquakes have been identified using this technique and
several unusual features have becore apparent which were reported by
Poreroy and Sutton at the Seismological Society of America meetings in
los Angeles in April 1962,

B. HRelative Excitation of long and Short Period VYaves

A study was made of the relative excitation of long pericd
and short periocd seismic waves by earthquakes and explosions in the
California-Hevada region, The Richter magnitude, M, vhich is based on
the amplitudes of short period waves recorded at sites less than 6CO km
from the epicenter was used as a measure of short period waves, A nevw
parazeter, AR - the sum of the areas of the envelopes of the surface
waves on certain three-component long period instruments - was defined
and used as a measure of the long perioed waves, The surface wave para-
meter was determined from long-period seismograph records from Pasadena,
Berkeley, Ruth, Reno and Palisades, The four West Coast stations provided
good azimuthal sampling of most of the events studied, Surface waves
recorded at Palisades from the Fallon-Stillwater, Fairview Peak-Dixde
Valley after shock sequences were also studied,

There is a wide range in the excitation of surface waves for
a given Richter masnitude, both for explosions and, especially, for
earthquakes, For any glven earthquake there may also be a wide range
in the excitation of surface waves as a function of azirmth, an indication
of an asymmetrical radiation pattern, Generally speaking, the relative
excitation of surface waves by explosions is much smaller than by
earthquakes of the same Richter magnitude. liost of the earthquakes
studied generated surface waves 5 to 10 times greater than the maximum

observed for explosions of the same Richter magnitude,




4 compariscn of the relative excitaticn of surface waves in
different regions indicated a very large regional variation, Shocks
off the ccast of northern California generate relatively larpe surface
waves whereas shocks near Iaguna Salada in Baja, California, often
generate very small surface waves,

An erpirical curve was derived for the variation of the surface
wave parameter AR as a function of distance, It was sugpested that the
parameter AR may be used to estimate the surface wave magnitude i ard a
formula is derived for deing this,

The results of this study were submitted to the Journal ef

Geophysical Research for nublication under the title "Relative Excita-

tion of Surface Waves by Earthquakes and Underground Explosions in the

Californis-Fevada Region", by James Brune, Alvare Espinosa and Jack Oliver,

From the study of the relative excitation of long peried
surface waves by earthquakes and explcsions in the California-Nevada
region reported above, it was concluded that, for a given Richter
magnitude, contained underground nuclear explosions generate relatively
small surface waves compared to earthquakes, It is suggested that it may
be possible to use this fact as a critericn or diagnostic aid to identify
certain events as earthquakes. It must, of course, alvays be borne in

ind that the results described here are based on a relatively small
sample of events from a relatively limited number of regions. There is
nc guarantee, for example, that a nuclear explosion fired under different
circumstances wili not generate long period waves even though such a

result is not predicted by elementary theory.
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As an example of how the above critericn zight be used, we
have made a statistical study of the number of earthquakes studied
which produce a value of AR 1, 2, 5 and 10 times the maximum expected
for underground explosions at a corresponding distance and Richter
magnitude, For a given natural event and safety factor, e,g. 1, 2, 5
or 10, the criterion is szid to fail (i.e, fails to identify the event
as a natural evepnt) if no observed vaiue of AR is equal %o or greater
than the maximunm value of AR expected for explosions at that distance
ard s mitude, multiplied by the appropriate safety factor, Otherwise,
it is sald to succeed. We have limlted the magnitude range to
3,91 < M < 5.5. The data for M < 3.91 are less reliable because
of the spacing of the stations and the microseism noise level, Of the
77 earthquakes studied, 63 recorded a value of AR greater than the maxi-
mum expected for explosions,

The smaller the ratio of natural events not excluded to the
total number of natural events, the more successful is the methed in
identifying natural events. Depending on the safety factor and mapgnitude
range chosen, this ratio varies frem 41/77 = .53 for a factor of 19 and
magnitude range 3.91 - 5.5 to 1/16 = ,06 for a facter of 5 and magnitude
range L.71 - 5,5,

If the lower California earthquakes are excluded from con-
sideration, in the magnitude range L.31 -~ 5.5 the ratio is 0/21 = 0,
for a safety factor of 2, 1/21 = ,05 for a safety factor of 5, and
3/21 = ,1L for a safety factor of 10,
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The reason for the great excitation of surface waves fron
the earthcuakes off northern Califernia, and the very low excitation
for certain earthcuakes in lower California is not lnown, but could
be partly dus to different source rechanisms, depth effects, poor
magnitude determination or different orientation of the radiation
pattern with respect to the long period stations,

Palisades long periocd records were alsoc studied for earth-
quakes in this region, Most earthquakes above magnitude 4,5 recorded
long period surface waves and fell above a safety factor of 2, and mary
above a safety factor of 10.

€, Subsurface Recordings of High-Frequency Seismic Yaves

1. Instrumentation

In late 1961 a vertical seismometer with electronic amplification
was installed at the Iamont Seismograph station located on the 1850-foot
level of the New Jersey Zinc Company mine near Cgdensburg, Hew Jersey,

The system employs & Hall-Sears HS-10 transducer with a natural fre-

quency of two cycles/sec, an SIE GTR-200 amplifier system, a high-speed
photographic drum recorder, and a two-chanrel magnetic tape recorder.

The original drum reccrder cperated at 120 mm/min; since April 1963,

a Sprengnether auto-recorder has been used with a paper speed of 300 mm/migp.
In both cases the SIE amplifier drove a 2C0 cycle/sec "pencil' galva-
nometer, Magnetic tape recording of the SIE amplifier ocutput was done

on a two-channel magnachord recorder, with Mnemotron pulse frequency
modulation units used in conjunction to provide a rass band from D,C,

to 300 cycles/sec, Recording was done on 1/L" tape, at 7 1/2 ir/sec,

A ten=inch reel would record two hours of data,
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The transducer-amplifier ~ystem has been calibrated in
three steps. First, a zmethod empleying a Wilimere bridpe vielded
the relative respcnse of the transducer-ampiifier system. The method
takes into account the frequency dependeni impedance of the SIE input
transformers at frequencies near ard below 1 eycle/sec. Second, the
electrodynamic constant of the transducer was measured by cbserving
the damping as & function of the resistance terminating the transducer
ccil winding, Third, the gain of the amplifier, expressed in terms of
a galvancmeter deflection per input voltage, was measured for each
record by means of a test signal from an oscillator within the SIE
amplifier system.

The over-all magnification of the system with photographic
recording increased at 6 db/octave in the frequency band between about
3 to 100 cycles/sec, The system was usually operated at a magnification
of 8 rilli.a at 20 cycles/sec. During the quietest recording times, the
amplifier noive was a2 factor of ten lower than the equivalent grourd
noise over the frequenc; band used,

2, Data Analysis

ine mest outstanding characteristic of the seismic motion
meesured at the mine station is the large arplitude disturbances durirg
daytime and early evening that originate frem mi.ling and rock crushing
cperations associated with the mine and with a limestone quarry .earby.
The disturbarces f:om these cources are especially predominant at fre-
quencies above 10 eps. Because of .his high daytime noise level, most
recerding was dore in ihe middle of the night. Durinz such quiet tires,

appro:imately 800 hcurs of phctographic recording and about 20 hours
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of tape recording were obtained on the 1850-foct level with the
geophere-amplifier system. In addition, about 20 hours of both tyres
of recording were obtained during daylight hours,

Investip-tion has been, sc far, focused on the quiet night-
time pericds, Studies of the conbinuous seismic backrround noise, as
well as the various discrete signals of natural and cultural origin,
are in varying states of progress, BResults from the studies are
presented below,

(2) Convimious seismic background noise: Several two-minute

samples of the quiet nighttime background noise, recorded on mapgnetic
tape, have been analyzed witi one octave bard pass filtering, The
resulting amplitude per octave spectra show a sharp drop-off in
amplitude by a factor of 1€ from 0.5 cycles/sec to about 2 cycles/sec,
At higher frequencies the amplitude falls off at a rate of about -6
db/octave, The analysis wac carried ot to about LO cycles/sec. At
higher frequencies the noise level of the system obscures the results.
The University of Hichigan recorded and analyzed a sample of
ground noise at a surface site very nearly above the 1850-foot level
mine site, Their results, after adjustment to differences in the
analysis procedur and compared with the 1850-foot level measurements,
show that at frequerncies less than one nycle/sec the amplitudes on the
surface «nd at deptn are comparable, but that at hipner fr<juencies the
noise level underground drops off fascer, reaching a level ona-fifth
that of the surface ncise at about 20 cycles/sec. The presence or

absence of the two to three cylces/sec spectral maximum, observed by
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Miversity of Michigan investigators at many surface sites, including
Ogdensburg, is being currently examined ty means of high resolution

analysis,

(b) Teleseismic body phases: The only body phases from

distant events ( A /O° ) which have been cbserved to contain seismic

JFRRI—— o] ™ -

energy above about two cycles/sec criginate from West Indies earthquakes.

Three such shocks have been photographically reccrded during quiet back-

T

round noise times, and are listed below:

1. April 20, 1962, K. Coast of Haiti
(1SCGS O = 05:07:55.3, 20,64, 72.2W)

2. May 20, 1962, N. of Puerto Rico
(IsCGS 0 = 15:01:20,7, 20.5N, 66.0+)

3. March 13, 1963, Dominican Republic
(IBCGS 0 = 10:39:19.1, 19.5N, 69.5W)

The peculiar high frequency P and S phases often cbserved at
eastern U.S,A. stations from such shocks were well recorded in all of
these three cases. In the first two cases, the signals were not well
enough resolved on the rhotographic paper to measure the frequencies
in the sisnal. Frequencies as high as 10 cycles/sec seemed to be
rresent. 1In the third case an excellent recording was obtained at
300 mm/min. Visual inspection showed significant erergy as high as
S cps followinz both the P and S phases,

Body phases from other distant earthquakes were observed,
but with a frequency content no different than that irdicated by
recordings on more conventional short periocd seirsmograpke .such as the

stardard station Benioffs, More detailed work will be done in order




_—————_—_-— — ... i

5,

il

tn give an upper limit to the propasated energy with frequencies above

]

3 cycles/sec for the various larger earthguakes that cccurred when the

-

geophone was recording,

At frequencies around one cysle/sec the geophone-amplifier

AL

system has no particular advantage over ccnventicnal cne-second trans-
durer-zalvanometer systess, During daylieght hours, as discussed above,
the noise levels at hircher frequencies are high, Consequently, little
has been done vwith regard to detecting nuclear shots from Hevada,

(¢) Discrete signals of local or regicnal origin: During

the quiet nighttime periods, several types of signals of known cultural
origin are often recorded. Railroad trains running along a track about
L km distant at the nearest point produce a signal lasting several
minutes, whizh is marked by a very strong three to four cycles/sec
component, Tnis dominant frequency 1is also observed in recordings of
trains at a surface site, Sterling Forest, which is about 7 km from the
rnearest railroad track. This phenomenon is currently under investigation;
at present, it is beliesved that the dominant fregquency results from im-
pulses generated by the train wheels traversing the track joints,
Qurrry blasts are occasionally observed during the earlier parts of the
night, Fost quarry blasting, however, is done during daylisht hours,
Several other types of transient signals have been observed
whose origins at present are not definitely lknown but are suspected to
be of an artificial nature. Very short duration high-frequency "blips"
cccur occasionally, about once a night on the average, ard are believed
to *e due to w=.all local reaciustments resulting from the daily mining

activities. Irregular, rather nordiscrete disturbances of variable
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duration and frequency content alse occur and are attributed to rock
falls within the mine workings. A peculiar pattern of disturbance,
lasting for about two minutes, ard repeated almost exactly severzl times
for rany nights, is suspected to originate from a rocket testing in-
stallation in the vicinity.

Truck traffic on a major highway 2 km distant produced no
perceptible signals on the 1850-foct level instrument,

The records have been examined closely for the presence of
siznals that might indicate the occurrence of small earthquakes in the
region. 733 hours of geophone amplifier recordings during times of
quiet backgrourd ncise cornditions were searched for signals with the
characteristic P-5 signature, Fourteen events were found, On the basis
of investigations to date, 8 are believed to be small earthquakes,
Short period standard station records obtained in the mine, as well as
recordings from a portable Benioff at Sterling Forest, New York were
also examined for events cccurring during the middle of the night; a
total of 2000 hours for the two instruments yielded 6 events suspected
to be small earthquakes. Richter magnitudes were estimated for these
1L events and locations were determined for those large enough tc be
recorded at several stations, Distances to the events from Ogdensburg
ranged from 10 to 290 km, and magnitudes ranged from -0.3 to +2,5, The
located epicenters conform with historical ard previocus instrumental
determinations of areas of seismic activity,

Our data, combined with previocusly puclished historical and
instrumental data, has been utilized to estimate the seismicity of the

region within 3C0 km of Opdensburg, New Jersey, If the data is plotted
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in terms of a number of events per unit ares per unit time with magnitudes

ot

egual to or greater than some masnitude {the irdeperdeni variable)

results are cbtained consistent with a linear relaticn betueen the
logarithm of the nurmber so defined and the maznitude., 4 slope of -0.9,
found by other investizaters in such areas of hirh seismic activity as
Japan, Southwest Russia and Scuthern California, secms to fit the data
fairly well,

In normalizing the cbserved number of events to a number per
unit area, a correction has been applied, peculiar to each instrument,
which takes into account the variable area ronitored by a particular
instrument for a given magnitude event., The cerrection comes from an
estimated relation between the minimum magnitude event detectable ard the
epicentral distance, Recorded events judged near the threshold of
deteciability were used to estimate the rclaticn, for the most rart,

Tre geophone-amplifier system, having the greatest magnification in the

5 - 50 aps frequency band, monitors a greater area for a given magnitude
event than the conventional Benioff instruments and is excepticnally
sensitive to very small and local events. Asada in Japan ard Sanford

and Holmes in Mew texico, both using instruments similar to the geo-
rhone-amplifier system, were able to detect shocks with masnitudes as

low as -2. Their results were employed in estimeting the minimum
detectable magnitude for the geophone-amplifier system at short distances,

The resulting estimate of the freguency distribution of
earthquake cccurrences with respect to macnitude for the ¥ew York region

gave 6 x 102 earthquakes per ye.r per 105 km with magni‘> s equal toc or
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greater than zero., Similar estimates of the seismicity of two
seismically active regions indicate that the Hew York region is three
orders of magnitude less active than the Kanto region of Japan amd two

orders of magnitude less active than Southern California.

Item 6 - Conduct tests to inerease the knowledze of crustal structure
by land refracticn methods. Field studies, using a portable seismic
recording system, will be conducted at selected sites,

Some identifications have been made of the quarries responsible
for blasts recorded in connection with the short pericd studies in a deep
mine, previously described in this report, for the purpcse of future
studies along these lines, Otherwise, very little research of this type
has been carried out because it was felt that research in other directions

was more suitable fer the aims of Project VEIA.

Item 7 - At a site to be designated by the Contracting Officer, establish
a long periocd seismograph station to form, with the existing Palisades and
Waynesburg Stations, a tripartite array for basic studies of btody and sur-
face waves, An additional station within the large array may be estab-
lished to form a smaller inner array if these studies indicate it to be
advantageous.

No suitable site was found, The additional station within
the proposed array was set up at Sterling Forest near Tuxedo Fark, Few
York, Since this item was first proposed, we, as well as others working
with data from large arrays, have exverienced difficulties because

norizortal velocity gradients over the net cause varistions from the




expected azimuths of the arrivals. Accordingiy, it is likely that arny
further work with arrays will concentrate on arrays comrosed of stations
short distances apart and located as much as pessible within the same

geologic province,

Item 8 - Develop techniques for analyzine nmicroseismic da*a and corduct
studies of the microseismic spectra,

Ae. Direction of Approach of Microseisnms

Analogue methods have been used to determine the ailrection of
approach of Baylei~h type microseisms, One-hour samples were taken for
this study. The azimuth of approach determined is not influenced ap-
preciably by love waves and random noise, The calculations have been
perforred on a TR-10 (EAI) analogue computer, The method was applied
to several microseism storms recorded at Palisades. The results are in
gocd agreerment with those of earlier studies, but they are far more pre-
¢tise, Differences in the pericds of microseisms generated by different
sources allow the separation of multiple source problems which could not
be handled with more conventional photographic analyses. Analysis time
is significantly reduced by playback at hirh speed,

B, A VWorldyide Storm of Microgseisms with Pericds of About

27 Seconds
On June 6, 1961, tetween about 1200 GCT and 20C0 GCT, a storm
of microseisms with periods of abcut 25 to 27 seconds was detected by
long pericd seismocraphs at many locations throughout the world, HNo
stornm of such widespread proportion had ever btefore been reported, Even

though the sensitivity and the geocraphical distribution of long peried




instrumentation, and consequently the ability tc detect such a storm,
has improved markedly in recent years, this event was s¢ rrominent at
some stations that it seemed unlikely that similar events had been very
frequent in the reeent past. There may, however, have been storms of
similar nature but smaller size which have gone unnoticed, for many
storms of long periocd microseisms have been observed at individual
stations,

In addition to its widespread distribution, this storm was un-
usual ard outstanding in certain other respects. The pericds, 26 to 27
seconds, of the waves were ccnsiderably longer than the pericds of micro-
seisms normally observed, even on the few seismographs operating with
high sensitivity in this period range. On such instruments the back-
ground noise usually is made up of waves with periods of about 20 seconds
or less, For less specialized long period seismographs, the background
noise consists of ordinary microcseisms corresponding to the well-known
peak of the earth noise spectrum between about 3 and 10 seconds (Brune
and Oliver, 1959).

The duration of the storm of June 6, only a few hours at most
stations, was much less than the duration of most microseismic storms.
Ultra-sensitive instruments at one station show that this storm actually
had a considerably longer duration, but the interval when the amplitudes
vere very large was very brief. During this interval the bandwidth of
the frequency spectrum was apparently much narrower than in ordinary
storms, VYhereas the length of a beat in an ordinary storm is usually
5 to 10 cycles, the beats of the June 6 storm were sometimes as long as

L0 or 50 cycles.




The June & storm alsc had the property that the periocds of
the waves decreas=d gradually throushout the entire duration, At most
stations where the storm was cbserved only for a few hours, the periods
of the waves decreased from about 27 seconds to about 26 seconds, At
Palisades, where ultra-sensitive instruments are operated, ihe storm
began slichtly earlier with pericds of about 28 seconds ard continued
through the interval of large amplitudes for about 2 days until the
periods were less than 20 seconds, The gradual decrease of peried with
time was quite certain wherever observations were good, but the experi-
mental error in measuring the exact period at any given time ard the
slow variation of period with time prevented a precise determination of
the velocity of propagation cf the microseisms between distant stations,
However, the arrival times were never inconsistent with propagation
between stations as seismic waves,

On the basis of particle motion studies, the seismic waves
appeared to be predominantly of the Rayleigh type, although some Love
waves might have been present as well, Vhen the waves are of the Ray-
leigh type, the direction of the approach could be determined, and bty
combining such results from several stations the source of the seismic
waves could be localized. The June 6 storm appeared to have originated
in or near the southern or equatorial Atlantic Ocean, possibly in the

general vicinity of the Gulf of Guinea.

Note 1. In the performance of the above research, the con-
tractor will contime to operate the widely distributed network of

long and intermediate pericd seismic stations that were initially cut
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into operaticn in comnection with the Invernatisnal Geophysical Year,
with such changes in numbers, location or instrumentation as may be
deexed desirable for the rerformance of the contract,

The lony period seismic stations initially put into operation
during the IGY were coniinued in operation. During this period, the
stations st Hallett, Antarctica; Ferth, Australis; Resolute, North
Canadian Islands; and Suva, Fiji were discontinued, New stations vere
placed in operation at Reno, Nevada; Toolangi, fustraliaj and College,
Alaska, Two seis of instruments will be placed in operation at

Wellington, New Zealand., The instruments at Agra, India were moved to
Delhi,
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