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Abstract

In the period covered by this report, Lamont Geologlcal
Observatory has made significant advances towards the use of long and
intermediate period seismic waves for the identification of seismic
sowrces. Our increased understanding of many features of the selsmoeram
has enhanced its utility in detecting and identifying small seismlc events.
The recently stated principles of global tectonics have shed new lirht on
the problems of world selsmicity. source mechanisms and the location of
seismdc events. The structure and causes of selsmic nolse which limits
the effectiveness of all detecting instruments are now understood so
well that much of the noise can he predicted. A larre network of long
and intermediate period instruments has been onerated, and new high
sensitivity, hroai-band, low noise instruments have been developed
which have proved especially effactive for detecting small events. A
study of the relative excitation of surface waves by earthquakes and
explosions revealed it to be a poverful discriminant between the two
sources. The stesdy develorment of camputer prosrams has permitted
rapid and sovhisticated analysis of both conventional and Taree Aperture
Seismic Array data. Thus many of the goals of this research have been
attained and important progress has heen made toward detecting, and
identifying seismic events.
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In the following paragraphs, sclentific accamlishments
urrler Contract AF19(628)--4082 during the period 1 Ausust 196l throush
1 August 1068 are summarized following the itemization in the 'Statement
of Work' for the contract.
Item 1 - "Investigation of the applicability to intermediate (2 to 10 sec)
and long (10 sec and greater) neriod seisrmic waves of phase compensation
techniques for the purpose of determining an effective source polarity
as a fimction of azimuth. In this camection worldwide charts or vavies
of phase and groun veloclity for surface waves of various periods will be
compiled."

A compilation of all representative phase velocity dispersion
data published in the literature has been made by Dv. J. Darman and a
completed manuseript entitled "Seismic Surface 'fave Data on the Upper
Mantle" has been submitted for publication. This constitutes a campre-
hensive survey and covers all areas of the world where studies have been
made. PNispersion data were plotted for various period ranres and were
separated on the hasis of meological differences. The data indicate that
important rerional differences within the continents and between con-
tinents anl ocean basins are present in the upper mantle as vell as in
the crust. Mumerous data confirm the observation that wave velocities for
ocean basins are intermediate hetween low values for mountain tectonic
repions and hish values for continental shield reeions. The dispersion
characteristic for tectonically disturbed regions 1s consistent with
observations of hirher heat flo+ in these regions. "ore nhase velocity
data based on rerional differences are required in order to effectively
utilize phase compensation techniaues.
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Item 2 - "Mevelooment of hich speed camutational techniques for the
solution of the nourmal-mode prooacation problems and the Fourler analysis
aml synt*esis nroblems that arise in comection with Item 1."

"he folloinm~ scientific data processing programs have been develoned
with the suport of the two contracts.

A) An algoritim due to Cooley an! Tukey makes it nossihle to reduce
the mmber of basic operations (multipication and addition) in a Fourder
analysis from ?’2 to approximately M lor 2“‘ A program that makes use of
this algorithm has been canstructed for the IR 360, Comarisons in
camuting time and cuality of the spectra of free oscillations were made
with spectra obtained by the usual method. The new alrorithim was found
to be much superior in these respects, narticularly in savine comouter time.

B) A program has heen develoved far I®1 10N for camutine and plottine
travel-time curves far an earth model in which seismic velocitv is a
contimuously varyine function of radius. The velocitv model 1s snecified
as a table of velocity vs. denpth. Discontimuities in the velocity structure
are permitted. A surface focus calculation is onerational and a deep focus
feature is beinr deburwed. The curves are nlotted on an attached Calcam
plotter. BRoundaried of shadow zones, multiple branches, and other campli-
cations are defined in the output.

C) A promram which fits amplitude and time for an arbitrary comhination
of pulses against an observed phase from a seismorram has heen revritten
for the IR 1900 Ai~ital camuter to include variable width of trial
pulse, renresentine a stopning phase, renerated by sunermposition of the
thearetical response of a layered half snace and seismorraph to a source
represented by a step function of stress in time.
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D) "amnetic tapes containine the parareters of prircinal seismic
stations and the data for about 32,000 earthauakes locsted by the 1SCGS
for the entire world for the period Jamuary 1, 1961 to “arch 31, 19A8
have heen vrepared both in chronolorical arder and by meorraphical loca-
tion. The taves are beirng continuously updated. Subroutines were
developed for rapic searching, for incrementing the file, and for nlottine
the dsta on a Calcom plotter usine an IR 1800 computer. Tese tanes are
beins used extensively in maldne seismicitvy studies of the hvnmocenter file
itself, for selecting events for study fram the WIS film-chin lihrarv,
and for other studies. Netalled seismicitv maps of selected rerions usine
the entire USCGS epicenter file have heen made and a mamuscrint, "World
Seismicity Mans Compiled fram FSSA, Coast and Geodetic Swrvev, Fnicenter
Data, 1961.-19F7," is in press.

F) A review manuscrint entitled "Comouter "lethods in Seismoloev™ which
reviews 2ll sirnificant develooments in this field, was included in the 1967
report of the U. S. National Comittee to the International Union of Geodesv
and Geoohysics (Dorman, 1967).

7) A camputer nrorram has been written for the IRM 1870 to plot focal

mechanism data autamatically on an eaual-area nrojection.

Item 3 - "Develon techninues for analyzing microseismic data and conduct
studies of the microseismic spectra."

York carried out in this area is discussed under IASA data, Ttem 7.

Item U4 .- "Develooment of seismic instrumentation with increased sensitivity
in the lonr-period ranre and with improved discrimination apainst noise in
the dominant microseism hand."
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Three lonm-neriod Soreenether seisometers were installed in the
Ordensbere Ohservatory and initiallv vere run as a standard 30-100 system.
Concurrently, a lone-neriod feotech seismometer was installed in the
Palisades seismic vault, and its response was made simllar to the in-
struments at Orrlensberg. “Wigh-quality sirmal-to-noise records vere
obtained at both sites. Both system magnifications were then increased
to 80,000 in the period ranme 20-RN seconds by the use of Geotech lone-
veriod vhoto-tube amplifiers. These instruments have been overated
contimously since their installation with rmumerocus chanees in coupling.
ad filter parameters. The records from these systems have been ex-
amined for surface waves recorded from small magnitude events, but the
stulies are still preliminarv.

During the past quarter year the operation of the M-S and vertical
Sprengnether long-period, hirh-rain control seisometers has continued
in the mine at Oodensberg, Mew Jersev. 'th a rain of anproximately
101,000 at 3N secarris and a frequency resoonse of a 30-110 instrament,
waves vithin the period range 15 seconds to a few minutes are resularlv
recarded.

Of particular interest was the piresumed Trench explosion of August 24,
1968, from which long-period body phases, P, §, S, 89 and surface waves
vere clearlv recorded. The sipnal to noise ratio of the surface waves
at 40 sec was 5 to 6 to 1 on the hipgh-pain vertical. Periods as long as
at least 60 seconds are easily recognized.

Within the past month two of three matched lonm-veriod selsnepaters
were installed in sepsrate vre-stressed, air-ticht tanks in a newly
developed sealed drift ir “he mine. These instruments are the E-W and vert:
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comoonents. Fach is equipned with 3 transducers: two coil and magnet
assemhlies and one capacitor-plate transducer.

To date, one coil and magnet asserblv from each camonent orovides
& standard 60N0 gain 30 - 100 recordine. Photo-tuhe amplifiers will be
added to the second velocity transducer on each component and mains of
500,000 will he attemoted tozether with strip-chart recordine.

The capacitor-plate transducers have already provided records of tidal
tilts amd gravity changes from the F-W and vertical camonents respect-
ively. The ability to look at this extremelvy broad spectrum of frequencies
is a result of the well-controlled enviromment.

The M-S component will he installed shortly.

Item 5 - "Operation and maintenance of the widely distributed network of
long-- and intermediate-period seismic stations that were initially out
into oneration in comnection with the Intermational Geovhysical Vear nlus
the central station at Palisades, with such chanees in nurhers, location,
and instrurentation as may be deemed desirable for the nerformance of the
contract. Chanmes in the munbers and locations of stations are not to
be made without the prior written approval of the Contractine Officer."
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The operation of the Lamont Geoloslcal Observatory's worldwide network

of lme-period seismorreph stations including Palisades amd Sterline Forest

continued under the support of the present contract and will terminate 30 April

1969. Stations of this network include the followine:

Station Code

PAL
SFO
BAA
LWI
LI
*HUA
*HON
HKC
PIE
TO0
UPP
FDJ
=y
*BOK
EIC
RCAN
COL

Station 'ame

Palisades, . Y.
Sterling Forest, N. Y.

Elizabethville (Karavia) Congo
Huancayo, Peru

Honolulu, Hawali

Hong Kong: (WMSSS)
Pletermaritzbure, S. Africa
Toolanzl, Australia
Uppsala, Swaden

Rio de Janxiro, Brazil
"ount Tsukuba, Janen
Bokaro, Irdia

Easter Island, Pac. Ocean
Canberra, Australia
College, Alaska

Latitude

4 00 25.01
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Item 6 - "Investigation of the meneral characteristics of seismoerams
such as presence or absence of phases, dominant surface wave periods,
duration, etc., as a functiun of source mechanism, region ar focal
depth, and the relation of these features to the problems of detection
and identification of seismic events."

A) Relative excitation of surface waves by underpround exnlosions
and earthquakes.

The relative excitation of body and surface waves bv Loneshot and

29 earthquakes which occurred in the Aleutian Island chain were analyzed
ard campared. Longshot produces surface waves equivalent to those from
an earthquake of surface wave magnitude '13 = 3.9 and body waves equiva-
lent to those frcm an earthquake of body wave magnitude m = 6.1. The
empirical relationship between l\‘l8 and ™, of Gutenberg and Richter pre-
dicts a surface wave magnitude of Ms = 5,7 for an earthauake of body
wave magnitude m = 6.1. This is much higher than the ohserved surface
wave magnitude of Ms = 3.9 which means that Longshot menerated surface
vaves which were 50 times smaller than would have heen nredicted from
the body wave magnitude. The 29 earthuakes verified the relationshio
between Ms and m, of Gutenberg and Richter for the tectonic province
of Longshot.

Surface-wave magnitudes (Ms) of 4.1 and 3.2 were suhsequently
determined for two events in southern Algeria. The corresponding hodv--
wave magnitudes (mb) were 5.8 and 4.9 respectively. 'The surface aves
from these events are much smaller than would be exvected fram most
earthnuakes of camparahle bodv-wave magnitudes, which fact supmests that

these waves were renerated by underrround exolosions.
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The study of the relative excitation of surface waved by undersround
explosions ard earthquaxes was then extended to include events from 5
distinct seographical and tectonic regions of the world: the western
United States: the Aleutian-Kamchatka area: southern Algeria: central
Asia: and Novaya Zemlya.

Initially, a detalled analysis of events in the western lnited States
was nerformed to evaluate certain identification criteria. For the
limited population of events, the surface-wave magnitude (Ms) of Cutenbere,
provided a greater capability for separation of the earthquake and ex-
plosion populations than the AR parameter introduced by Rrune, Fsoinosa,
and Oliver. On this basis, the analysis of surface-wave magnitules was
extended to events in other rerions of the world.

For all of the events and regions studied (m, > 5), it was found
possible to separate the underground explosions and earthnuakes on the
basis of their surface-wave and hodv-wave marnitudes. The M, versus m
data for events in the western United States are anomalous with respect
to world-wide averages for both the earthquakes and underrsround explosions.
This has led to the conclusion that it is necessary to campare the My
Ms versus m, data for exnlosions with earthauake data from the same rerion.

A detalled discussion of the source characteristics of earthnuakes
ad underground exnlosions was undertaken to explain the obserwved
Ms versus m, behavior. With the help of theoretical models the
aplitudes of P waves and Rayleleh waves were related to the dimensions
of the source in space arvl time. The w-square earthquake model of
Ald ar] the explosive-source analyses of Ren-“enahem and Cisternas
and Hariarider lead to theoretical Ms versus m,  curves which adequately
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account for the general features of the empirical data.

A manuscript sumarizing the results of this study, "Relating Fxcitation
of Surface 'Javes by Farthquakes and Fxvlosions" by R. Liebermarm and P. W,
Pomeroy, has been submitted for publication to the Journal of Geophysical

Research.

B) P and PcP for explosions and earthquakes.

Amplitude snectra vere obtained from short-period PcP and P phases from set
seven explosions ard six earthnuskes. The results are sumarized in a
paper, "Amplitude Snectra of PcP and P Phase," hy . R. Ruchhinder which
is in press.

PcP and P amolitude spectra for both explosions and earthquakes are
similar for anv one event: therefore, station and core-mantle houndary
effects are small and the general shape of the spectra is related to the
source. All of the explosions studied have characteristic spectra with a
pronounced minimm in the spectrum near one second. The period of this
minimum increases with mangitude of the event. Short-veriod amplitude
spectra fram same intermediate- and deep-focus earthouakes resemhle those
fram explosions. Spectra from the other earthquakes studied differ
markedly fram those of explosions: they have either no minimum in the
spectrun near one second or very little eneray for periods less than one
second. The characteristics of the spectra may be of help in the
classification of sources. On a plot of magnitude m, versus period of the
minimum 'Pd in the spectrum of explosions, the data form a straisht line.
Earthquakes with an amplitude spectrum similar to that of an explosion

are randomly distributed on the plot of m, versus m Q- Systematic effects
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of focal cdepth were not observed. Layering at the core-mantle boundary
was not detected.

C) Focal Mechanisms.

The work on the focal mechanisms of earthquakes on the mid-oceanic

ridges by Sykes (1967, 1968) shows that source mechanism solutions of
hich precision can now be obtained for a larye mumber of earthnuakes with
magnitudes as small as 5.5. when first motions were read from lonw-veriod
instruments of the WWSSN, Canadian and Lamont networks, less than 1% of the
data were inconsistent with a quadrant distribution of the first motions
of P anmd PKP phases. The earthuakes on the oceanic ridme system and alony
the continental extensions of this ridge system into Siberia and Tast
Africa were characterized by a predominance of either normal faulting or
strike-slip faulting. Hence, at least same of the stations recorded
dilatations from these events. The source mechanism of all of these events
falls into the category of earthquakes and not exolosions. One of Sykes'
best examples of normal fanlting was the earthquake of Ausust 25, 196U near
the coast of northermn Siberia (m = 6.1). A focal mechanism stwily based on
P arnd S wave first-motions has been camleted for 22 recent carthquakes in
the Indian Ocean by Banghar and Sykes. The data used in this study were
also obtained from the long-period instruments of the Vorld-Wide Standarv
Station Metowrk. A similar study of mechamisms of earthquakes near the
west coast of the United States has been published by Tobin and Sykes (1968).
Studies of source mechanisms of earthquakes such as these are of the
rreatest significance to the VFLA-UNIFORM program.

D) Seismology and the Mew Global Tectonics.

Isacks, Oliver and Sykes (1968) have made a comprehensive study of the
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of the observations of selsmology and found widely based strong support
for an earth model that they called the 'ew Global Tectonics. This model
is founded on the hypotheses of continental drift, sea-floor sprealine,
transform faults, and underthrustineg of the lithosphere at island ares.

Seismic phenamena are explained, in reneral, as the result of inter-
actions and other orocesses at or near the edges of a few large mohlle
plates of lithosphere that spread apart at the ocean ridmes where new
surficial materials arise, slide past one another alon~ the larwe strike-
slip faults, and corverge at the island ares and arc-like structures where
surficial materials descend.

Study of world seismicitv shows that most earthquales are confined to
narrov continuous bhelts that bound larve stable areas. In the zones of
diverrence and strike-slio motion, the activity is moderate and shallow
ard consistent with the transform fault hypothesis: in the zones of con-~
vergence, activity i1s normally at shallow depths and includes intermediate
aml deep shocks that prossly define the present configuration of the don-
rpoing slabs of lithosphere.

The dovmproing slahs were found to he zones of extremely efficient
provagation of seismic waves, particularly high-freauency waves. In the
Tonra arc, for example, simals 100 to 1000 times larger than normal are
found for vaths along the deep seismic zone. These zones of efficient
transmission may he of great importance to the detection amd identification
of seismic events.

Molnar and Oliver have examined the presence or absence of these hirh-
frequency seismic waves for several thousarxi paths throusghout the earth. They
have 1ldentified zones of high and of low atteruation in many areas.
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Seismic data on focal mechanisms give the relative direction of
motion of adjoininz plates of lithosnhere throughout the active belts.
The focal mechanisms of ahout 100 widely distributed shocks eive
relative motions that agree remarkahly well with Le Pichon's simplified rmode’
model in which relative motions of six large and rigid blocks of lithosphere
covering the entire earth were determined fram masmetic and topographic
data assoclated with the zones of diverrence.

Two principal tvpes of mechanisms are found for shallcw earthquakes in
island arcs: the extremely active zone of selsmicity under the inner
margin of the ocean trench 1s characterized bv a predominance of thrust
faultinz, which 18 intarpreted as the relative motion of two converrine,
plates of lithosphere; a less active zone in the trench and on the outer
wall of the trench 1s characterized by normal faultin~ and 1s thoueht to
be a surficlial manifestation of the abrupt bending of the downeoines slab
of lithosphere.

Several different methods yleld average rates of underthrusting as
high as 5 to 15 cm/year for some of the more active arcs. The thickness
of the seismic zone in a part of the Tonra arc where very precise
hypocentral locatins are available is less than about 20 km for a wide
range of depths. This extreme thinness apparentlv 1s typical of at least
sane other island arcs (Sykes, Oliver and Isacks, in press) amd 13 of
great importance in the 1dentification of events fram these remlons as
earthquakes.

The interaction of plates of lithosphere appears to be more complex
when all of the plates involved are continents or pleces of continents
than when at least one 1s an oceanic plate. The NMew (Global Tectonics
sugpests new approaches to a varietv of toplcs in seismoloey including
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earthquake prediction, the detection and accurate location of seismic
events, an the general nroblem of earth structure.

E) Depth and Time Distribution of Aftershocks and "icroaftershocks.

An analysis of the magnitude distrihution of aftershocks following the
1964 Alaska earthquake indicated a serious bias in the magnitudes com-
nuted by the U. S. Coast ard Geodetic Survey. Revised magnitudes were
camputed from the magnitudes published in the Geotech bulletin for AFTAC
array stations. The distribution of revised magnitudes ylelds a h value of
1.1 with a 957 confidence of 0.1. This value is hased on 293 aftershocks
ocaurring in 1964 and 1965 after the first day of the aftershock sequence.
The magnitudes of the aftershocks and the microaftershocks are distrihuted
according to the Gutenberg-Richter mamitude-frequencv relationship with
b values of hetireen 0.8 and 0.9 and are consistent with a sinele distribu-
tion equation for magnitudes between m = A and m = 0. 'Mthin the
accuracy of the data, both aftershocks and microaftershocks occur at
shallow depths (less than 35 km). The secord ohservation is in apreement
with findinps from recent aftershock studies that have featured the
accurate determination of aftershock hypocenters. As an outerowth of
this studv, a paper (Page, 1068) presented evidence for the hyvothesis
that prominent well-defined aftershock sequences occur only at shallow
depths within the earth's crust. At present, this hypothesis 1s sub-
stantiated by recent aftershock studies in Japan, Hawall, and the western
United States that have featured verv accurate hypocentral determinations
of aftershocks.



F) Microearthguakes.

A manuscript, ™Hcroearthnuake Activity Followine the Parkfield,
Califarnia, Farthquake of June, 1966," by T. J. Fitch is now in press.
A high sensitivity microearthquake recording station was established
10 km fram the epicenter of the magnitude 5.5 Parkfield earthouale of
1966. Begirnins 43 hours after the main shock, en hourly average of
22 microaftershocks in the magnitude rarge 1.5 < M < -0.5 was recorded
for a period of 13 days. The anplitude distribution sugrests that there
was a smaller percentage of small shocks in the Parkfield microaftershock
series than has cammonly been reported for Japanese and other California
aftershock series: b values between 0.8 and 0.9 are comonly revorted
while the average b value for the Parkfield microaftershock series was
0.6. The spatial distribution of microearthquake activity is shown to he
strongly non-unifarm within the aftershock zone. The microearthquakes,
in general, did rot cluster in time about the larper aftershocks (M > 2.0).
Of 24 aftershocks with M greater than ~r equal to 2.0 only -ne event gave
evidence of trigrering a secondarv aftershoclc series. Assuming that
secorrlary fareshock and/or aftershock series imply the creation or
reactivation of a secondary fault, one is led to the conclusion that
secondary faulting was a rare occurrence in the Parkfield aftershock zone.
Fleld recordirg of this sequence showed that hurdreds of microaftershocls
per day can be recorded in the epicentral recion of moderate size earth-
guakes using ultra-sensitive selsmographs.

G) PL and S-counled PL waves.

A maruscript "On the Synthesis of Shear-coupled PL Waves" by Chander,
Alsop, and Oliver will be published in the Decemher, 1968 issue of the
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Bulletin of the Seismological Society of America. In this paver, using

the shear-coupled FL wave hypothesis of Oliver as a basis, a method has
been developed for camputing synthetic long-period seismomrams between

the onset of the initial S-type bodv phase and beginning of surface waves.
By camparine observed and synthetic seismograms, it was shown that this
hypothesis can explain, in considerable detall, most of the waves with
periods preater than about 20 sec recorded durine this interval. The
synthetic seismograms are comuted easily on a small dirital computer:®

they resemhle the observed seismorrams much more closely than the synthetic
S:ismograms obtained through the superposition of normal modes of the
earth that have heen reported in the literature. The synthesis of shear-
coupled PL waves deverds on a orecise knowledge of the phase wvelocity curve
of the FL vave and travel-time curves of shear waves. Hence, in principle,
if one of these quantities is well-known the other can he determined by
this method. Phase-velocitv curves of the PL wave were determined for

the Baltic shield, the Russian platform, the Canadian shield, the United
States, and the western North-Atlantic ocean, on the assumption that J-B
travel-time curves of shear waves apply to these areas. These dispersion
curves showed the type of variations to be expected on the basis of the
current knowledee of the crustal structures in these areas. Fxamples were
oresented to show that J-B travel-times of shear waves along, paths between
Kenal Peninsula, Alaska and Palisades, eauatorial mid-Atlantic ridpe and
Palisades, and Kurile Islands and Uppsala need to be revised. Shear-vave
travel-time curves that are not uniocue but that glve synthetic seismograms
in agreement with the ohserved seismograms were obtained. The new S curves
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were compared with the J-B travel-time curves for S- and they all
predict S waves to arrive later than the time given by J--B tables for epi-
central distances smaller than ahout 30°. The new S curve for the Alaska
to Palisades path appeared to agree with one of the branches of the multi-
branched S curve proposed recently by Ibrahim and Muttll for the “averase
United States', insofar as travel-times are concerned: but there were
some differences in the slopes of the two curves.

A second paper entitled "The Generation of Coupled PL Modes," by
Alsoo and Charder 1s in press. In this paper, the method of steepest
descent was used to study the generation of PL modes. It was shown
that coupling between body vhases and PL modes 1s ohtained, whenever a
PL pole lies near the saddle point corresponding to the phvsical condition
that the respective apparent surface phase velocities are almost equal.
Direct PL modes are shown to came into existence at a point for which the
travel times of the PL mode and the direct P arrival are the same, just
as for Rayleigh waves. On the basls of this study, it should be possible
to synthesize a long-perlod selsmorram from a suitable combination of ray
arrivals, normal modes, direct PL, and coupnled PL modes.

Since the suhmission of the above two papers, the study of shear-
coupled PL waves has been extended much further. A mgjor nart of the
new effort has been the study of shear-coupled PL waves that have propa-
gated across oceanic areas. By scamning the WWSSN selsmoorams, 1t has been
observed that the oceanic shear-counled PL vaves are much more varisble
than the continental Pl waves. At distances less than about 50°, the
oceanic S-coupled waves have very much shorter periods (10-20 sec) than



continental ores (60 - 20 sec). At distances larger than 52°, S- counled
PL waves of periods 40 to 50 sec were ohserved at several of the ahove
stations. The cause of this discrenancv is beine cuwrrently investicated.

From this work, one result of importance to VFLA-IWNIFORM is alreasly
apparent. The absence of long-verlod S-waves fram the seismorrams of
explosion recorded at certaln stations may be caused by the path of
propagation.

An observational study of comressional P--coupled waves has been
initiated. In addition to the observatiomal study of shear coupled
PL waves, further theoretical work is under way. Part of this effort
concerns the checking and modification of Abremovici's computer orogram
for calculating the dispersion curves of locked and leakine modes of
an elastic wave guide by tracins the poles of the period emiation for
camplex frequencies and real wave numbers.

H) Multiple Fvents.

A paper 1s in preparation in vhich it i1s established that the deep
earthquake of Aucust 15, 1963 consisted of at least three and nrohably
four events. The earthaquake of July 26, 1958, has been interpreted in
the light of these results. It is inferred that it, too, was a multiple
earthquake composed of as many as eight distinct events. Multinlicity
may he an Important diagnostic for distinguishing, earthnquakes and exnlosior

I) Seismicity.

Tobin and Sykes relocated the epicenters of about 300 earthuskes in
the northeast Pacific for the period 1954-1963. The studv included the
regions near ard off the coasts of southeast Alaska, Rritish Columhia,



Washinpton, Oregon, and northern California. The evicenters as

well as solutions of earthaouake mechsnisms have helped to delineate

a serdes of oceanic ridges and fracture zones in the area north of the
Mendocino fracture zone. A scientific paper on this subject hes been
published. One of the significant results of this and of other
selsmicity studies by Sykes 1s that activitv in many areas has heen
shovn to be concentrated in narrow zones. Any search of a region
then involves a line source rather than a distribution over a surface.

With all the hypocentral solutions of the USCGR avallahle in digital
formst, a new study using digital camuters to plot the seismicitv for
any part of the world for any time period has been initiated. It 1s
anticipated that this study may show significant variations in the
temporal distrihution of seismicity.

J) Source Size.

Chander ohserved that the Rayleigh wave trains fram certain earth-
quakes ariginatirng on the mid-ocean ridres show the normallv dispersed
oceanic Rayleich waves superimposed on the inversely dispersed Rayleish
waves of periods between 40 and 90 sec. In certain other earthaunkes,
vwhich also ariginated on the ridges, only shorter-period Rayleish waves
were observed. Since there is considerahle evidence that earthquakes
on mid-oceanic ridges are of shallow focus, these longer-period waves
from the first esroup must have been excited by sources of ahnomally
large size. Efforts are now underway to fimd a method of camutine~ the
size of the earthquake source in these cases. This study should shed
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more light on the topic of source size of earthauakes, herice 1s of consi-
derable interest in distinpuishing exolosions and earthnuakes using the
ohserved seismic signals.

¥) Amplitude Variations of Lon~-Reriod Surface aml Bodv Waves.

Two studies supnorted hy this contract have important bearing on
the feasihility of monitoring surface waves from distunt seismic events
usine high~gain, lone-period seismocraphs located on a tectonic environ-
ment different from that of the seismic avent under studv,

In the first study seismosrams from Perkeley anl fram a site on the
deep ocean bottam off California vere compared to ascertain the effect
on Rayleiph waves of propasation across the continental margin. Amplitude
ratios as a function of period were formed by dividing the spectral
component of cne recording site by that of the other recording site.

In the period range fram 1! to 25 seconds and for near-normal ineidence,
the amplitudes of vertical displacement on the ocean bottom were 2/3
to 1/3 as larpe as those at Rerkelev.

Comparison of the experimental ampnlitude ratios with ratios that were
calculated by using a variational techniocue suggests that there is a
strikdng contrast in structure between Rerkeley and the ocean hottam site
which is about 235 km '™ of Rerkelev. The velocities and densities of
the lower crust and upper mantle beneath the oceanic site are much hisher
than those beneath Rerkeley.

In the second study, amplitudes of the vertiral carponent of ground
motion caused by Rayleinrh waves with periods of about 20 seconds were
measured with an array consisting of the 25 stations of the "WISSM in the
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United States: the Rayleigh waves were produced by shocks in selected
recions of the Pacific and one area alone, the mid-Atlantic ridee.
Amplitudes were plotted as a function of azimuth from epicenter to station
am on outline maps centered on the epicenters. Patterns of amlitude
of 20 sec surface waves measured by the array are highly sensitive to
epicentral location:; a pattern chanres continuously with change in
epicenter. The amlitude penerally show variations of a factor of 10
or more within the arrav. These striking fluctuations of amlitude
appear to be larmely produced by focusing caused hy lateral variations in
phase velocity; they camnot be exnlained by other factors such as an
asymmetrical radiation pattern at the source. Analysis hased on a simnle
model of a horlzontal variation in phase velocity yields theoretical
amplitude patterns thsat explain the size and character of the most
prominent variations in amplitude. Results of this studv indicate that the
most reliable estimates of amplitude are those measured at sites closest
to the seismic events. Fvidence of this study also supgests that ampli-
tudes of Rayleish waves from distant events measured at a sinrle array
such as IASA may be very unreliable because of possible effects of
lateral refraction. Although thev were not stuc'ied extensivelv, the
amplitudes of long period P waves do not appear to exhibit as larme a
scatter as the amplitudes of 20 second surface waves.

L) Descriptions of seiches which occurred along the fulf Coast of the
United States ard in Morway at the times of the Alaskan earthouake of
1964 and the Assam Farthquake of 1950, respectively, have been reviewed.
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A analvtical exnression has »een derived for the effect of selsmic
surface waves on a water channel of width L and denth W. The exnression
was used to exnlain manv of the ohservations of 'orwerlan selches and
also to camute a theoretical marirram vhich vias camared to an
actual maripram recorded in a channel at Freenort, Texas. The horizontal
camponents of seismic surface waves were shown to he the daminant cause
of seiches due to teleseisms. The maximum seiche amplitudes varv as (1)
the seismic wave amplitude, (2) ¥, vhere ¥ is the charmel depth, and
(3) the derree of resonance between selsmic waves and the natural verlods
of oscillation of standine water waves in the channel. ™e seismic
surface waves from the Alaskan Farthouake nrovide? enourh energv to
produce all of the ohserved seiches in the fulf Coast area. T™e selche
observations were limited to the fulf Coast rerion hecause the thick sedi-
ments unilaue to this area are necessarv to orovide sufficlent seismic
wave amplification for the production of seiches.

") Radius of the Farth's Core.

M new model of the boundary hetween the core and the mantle of the
earth has been hynothesized on evidence from the law-order free vibrations
of the earth. Perlods of the spheroidal oscillations of arders 3 to ©
exceed the corresnondins, theoretical nerlods for a standard earth model
by an amount ereater than the standard deviation of each observation.
The corresponiine discrenancv hetween observed and theoretical verlods is not
as conspicuous in the torsional oscillations, though it exists for orders
3 and U4, while the spheroidal and torsional neriods of order 2 are so voorly
defined experimentallv that thev do not erceed the resnective theoretical



values significantly. The ohserved data considereq were nreviously
obtained from spectral analysis of free oscillations excited by the
Chilean earthuake of 'fav 22, 1960, A core slishtly larper than that
fourd by Jeffrevs and Gutenbere, surrounded bv a thin soft laver at
the base of the mantle, can explain the discrepancy in a way vhich is
cnsistent with the pertinent data on seismic hodv waves. Peasomahle
mmerical values are a 10-idlameter increase in the core rajius and a
30-kilometer soft solid laver surroundins, the modified core.

Item 7. "Usinm TASA data, detelled studies of wave propacation, of
source characteristics, and of surface waves of short and lone periods
oricinating at teleselsmic distances with particular emphasis on regions
with camplicated crust and mantle structure such as island arcs."

A) There are two camuters availahle to analyze LASA data. The one
at Lamont, an TP 1809, is used to read the tapes, to filter the data,
perform beam formine, and frequencv analvsis, and to plot the data on
both analog and dirital plotters. The larrer IF 360 1s used to ver-
form more camlex operations on LASA data: frequency wave-numher analvsis,
Hankel spectra, and rapid plottin~ of menv traces. “With these many
proerams and orogram packages, the Lamont Ohservatory has hecome uninuelv
equipped to perform efficiently all the operations necessarv for the
thorough analvsis of LASA data.

R) Background Moise at TASA.

The investication of the structure and sources of the microseismie bacl--
graund at TASA (undertaken in collahoration vith R. £, Vaubrich of lLa Jolla)
has produced several new results. The modal stmcture of the lov--level
earth motion can now be sumerized. Between 40 and 100 mHz (primarv



freaquency. PF) the earth noise 1s dominated bv fundamental mode Ravleich
and Love waves, with the Love waves accountin~, on the whole, for more
than half the horizontal nower.. Hisher mode Raylelsh waves are present

in the upper part of this hand, hut their power is several db helowr that
of the furcamental mode. .Between 100 ard 170 mi'z (double frequency, DF)
the fundamental mode surface waves are still predominant hut here, on
the whole, the Rayleigh mode accounts far more than half the horizontal
power. As frequency increases in this hand, the nower in the hicher
Rayleigh modes rises, until at 170 mi'z it is equal to that In the
fundamental mode. Retween 17N and 300 rmFz the higher Ravleirh modes
corprise the large wave numher earth motion, and body waves comrise the
low wave numher motion. Rodv viaves are also present in the other bands.

The low wave number hodv-vrave nolse 1s penerated at sea hv stomms.

Two mechanisms seem predominant* rapidlv moving; stoms over-run their
swell and leave behind a vake rich in oppositely travelling waves that
generate leakine, modes by the Hasselmann interaction mechanism: storm waves
reflected fram coastlines interact in the ssme way with the incomine vaves.
Thus, with imroved knowledpe of the state of ocean swell, it mav he

The primary freauency Rayleish waves are generated at coastlines as

was oroposed by Hasselmann in 1963. ™e double frenuency Rayleigh waves
appear to be also senerated at or near the coastline despite the fact that
the opposed wave mechanism 1s effective anywhere in the ocean. The con-
clusion 1s that reflection of waves fram the coastline 1s the daminant

means of penerating opposed swell, at least in the NDF band. Because of



this, the average directional Adistribution of the fundamentai-mode
Rayleish-wave noise can, with little difficultv, be predicted al: a
continental site by considering the distribution arour the site of
coastlines that face onen ocean. The higher mode surface waves apvear
to be isotropic on the averare except for a tendencv to decrease in
directions where there is no open ocean.

Under normal conditions there 14 no significant noise with neriods
loneer than 22 seconds, susgestin~ that instruments with elevated lone-
neriod response and low intermal noise could he run at unusuallv hich
magnification.

A manuscript describing this work is in the final stages of preparation
and vill be submitted to a jourmal in the immediate future.

C) Pattern Recognition.

Joint cooperation with the pattern recomnition group of the I
Research Laboratories, Yorktown Veights, Mew York, is continuing. The
initial attempts at applyine ¥arhunin-lToeve techniaues to separate out
depth phases in the P-wave train were unsuccessful. Present interest is
concerned *rith detectinm nuclear events concealed in the train of an
earthouake simal.

For this purpose sample records for the 21 center seismometers were
prepared with the P-wave of Longsnot buriled in the P-wave train of a
Kamchatka earthaquake of comparable magnitude. T™he Lonsshot sienal was
attenmated by different factors in separate samples. Althourh the two
events are separated by more than two begm-+ridths, a simple heam nointed
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at Longsshot does not enhance the Loneshot enersv verv much campared
to that for the Kamchatka event. The optirum filterine techninue of
Capon of Iincoln Laboratories and another techniocue that makes a hest
estimate of the interesting event and subtracts it from the records
have been applied. Signal enhancements of the order of 10 to 12 db
result.

It 1s planned to study the technlaues and ohtaln estimates of simmal
enhancement as a functlon of distance between the sources of the sirmal
and the interferine event.

D) Record Sections.

A camplete plot of Longshot seismograms for all 525 selsmometers of
LASA vere plotted together on one sheet by a Calcomp plotter. Different
color inks were used for different subarrays. On this presentation it
is possible to trace the progression of separate arrivals across the
array. These arrivals are now being studied and their wvelocitles are
being compared with velocitles of events detected by standard array
technioues hy the group at Lincoln I  “oratories. A search is heing
conducted for new seismic phases.

E) A study of the relative reneration of long-period hodvy waves (such as T
P, PP, PPP, S, SS, SSS, PS, etc.) vas undertaken with the following
objectives:

a) to determine the attemmation of these waves in the neriod

range of 2 - 25 seconds as a function of distance,

b) to determine the generation of hody waves in this period range

as a function of magnitude,
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c) to observe cualitative and auantitative differences in the

fFeneration of these body waves between underground exvlosions

and earthquakes of similar short-period hody wave magnitude M, e

Data fram the high-pain, narrow-band, long-period instruments at
LASA as recorded in analog form on 16 mm film have been utilized in
this program. Specifically, for the studvy of item (a) above, the
magnitudes m of 20 earthquakes in the distance ranze from 5° to 90°
for which long-period body waves were well recorded at LASA were
determined, and the amplitudes of the long-period waves were then norm-
alized to m, = 5.0. Separate plots of the amplitude variation as a
function of epicentral distance for each of the long-period bodv waves
were then prepared. These graphs will be used to determine correction
factors 1n the studies below.

D) The short-period LASA data for the Denver earthquake of Movember 21,
1965 has been retrieved from the data tapes. These data are plotted for
graphical display. The distances and azimuths from the earthquake
epicenter to the various seismometers of the array have been camuted
and related to the arrival times to determine travel time ancmalles.
Item 9, "Evaluation of the Feasibility of Using a Worldwide Array to
Conduct Studies."

Preliminary steps have been taken for application of the array tech-
nique to measure the torsional oscillations of the earth.

Spectra of the torsional oscillations of the earth have been corputed
from horizontal long-period pendulum seismograph recordings obtained at
six Chilean earthquake of 'y, 1960. Lanritudinal and transversc ccapone iz
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of the ground motion at the stations were synthesized by appropriate
vector addition of the horizontal camponent selsmograms. Harmonic
analysis was used to obtain spectra of the tarsional oscillations from
the synthesized transverse camponent of motion. The new torsional
oscillation data have been cambined with those previously reported by
various authors to obtain a more precise period and dispersion curve
far Love waves in the period range corresoonding to torsional oscilla-
tions of order 2 = 2 through & = 23. Four staniard models of the earth
(M, J-BB, J-BA, and G-BA) were examined in the lifht of this new

information; model Ml appears to be a better fit to the data.
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