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ABSTRACT 1,

Four 10ng~peviod,.high~gain, three—-component seismograph
systems werce desipned, constructed and Instulled in Alaska,
Australia, Israel, and Thailland. A fifth statlon 1s baing
Installed in Spein., These instruments have peak response of
500,000 at periods of 3% to 4% seconds, This high sensitivity
is achieved by isolating the selsmometer from barometiric
changes, by electronlcally filtering out the six-seccond mliero-
seilsms and by shaping the instrument response to correlate with
a natural minimum in the earth-noise spectrum,

Data from Alaska, Australia, and the prototype instrument
in New Jersey are sufficlent for detecting Raylelsh waves from
all earthquakes with & body wave magnitude of from 3.5 at dis-
tances of about 0 to 15° to 4.7 at distances greater than 100°,.
The mininum detectable mamnitude is also a function of gecgrapnlc
location., A minimum is found in the spectral ampllitude of earth
nolse between 30 and U0 seconds at all sites. The lowest level
of the nolse was observed in Thailand., G waves and inversely
dispersea Raylelgh waves are commonly observed for events as
small as mp*H, Free oséillations lasting for over 24 hours

were observed followlns an event of magnitude 1.3,

I, Purpose of the Ressarch
l. To complete developuent and deslign of a new high-galn,
long--period selsmograph system with peak gain of about 500,000

at 40 to 50 seconds,



2.
2. To construct five of these systems and install them
in Alaska, Australia, lsrael, Spain, and Thailand for the
purpose of testlng this equlpment under different environmental
conditions.
3. To orcerate these five systems and analyze the data in
the following areas:

a. Determine the threshhold and the behavior of the
long-pezriod amplitude spectra at small magnitudes and different
focal depths.,

b. Study the spectral differences of long-period
waves,

¢. Investipgate the influence of source region and
source type on the azimuthal patterns c¢f radlated eneresy.

d. Investigate the travel path anoﬁalfes and azi-
muthal variations.

The main effort under this contract was devoted
toward the construction and Installatlion of the equipment.

Data analysls was only possible during the last few months
of the contract period while problems with the instruments

were still belng worxked out,

I1. Instrumentation

The gencral and detalled descriptions of the instruments
are given in a technical report entitled "High-Gain, Long-
Period Seismograph Station Instrumentation" appended as part

of this final report. Major components for eleven sets of



3.
instruments were purchased under this contract but only five
sets were installed. The other instruments were shipped to

places designated by the project scientlst,

III, Installation

The detailed descriptions of the instrument locations and
installation procedures are contained in technical reports
entitled "High-Gain, Long-Perlod Selsmosgraph Station Installation
Report" for the following stations: Falrbanks, Alaska by
Andrew J. Murpny; Charters Towers, Australia by John M.W. Rynn;
Eilat, Israel by Tracy Johnson; and Chiang Mal, Thalland by
Andrew J. Murphy. Coples of these reports are appended to
this final report.

Installetion of the station in Toledo, Spaln was delayed
because the necessary approval from the Spanish‘gpvernment was
not received for construction to beglin until March, 1971.

Vault construction was begun in early April and installation

should be completed in June, 1971,

IV, Data Collected

The instruments generally have been operating w2ll since
installation. In the period of about four month:y we were able
to install four systems using Installatlion techniques developed
at Ogdensburg and in most cases draw usable records ilmmediately.
A certain number of problems had to be resolved during the first
few months of operation as was well anticipated for Instruments

of this complexity. The greatest problems have been with the



b,
dlgital recorders as could be expected since these instruments
had not been fleld tested prior to this project. These
diglital system falluros should be considerably reduced as the
"burn-in" time increases and when uninterruptable power supplies
are installed at each station by summer 1971. The data col-
lected during the first few moﬁths of operation 1s summarized
in Table 1 together with brief comments outlining problems

encountered.
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V. Data Reductlon Technlques 6.

A nunber of computer programs were developed for using
the digital data. 7he following is a brief summary of the
existing programs and support packages used in the analysils
of the high-gain data.

a. Tape copying: Before being forwarded to Texas
Instruments, the source data tapes are copled onto what we
call edited tapes. In thils operation the data are translated
from the format of the data-logging device into a Fortran
conpativle formal. Check bit errors aré detected and rec-
tified., 7The output records on the edited tape are of a
standard, uniform length, fegardless of the input record
length (which is affected by the sampling rate, the number of
A and B channels, power failures, tape errors, operator errors,
etc.). The edited tapes, wricten at 800 bpi, have about 504
data compression and are much faster to work with than the
original source tapes.,

b. Data editing: Bolh the source tapes and the edited
tapes can be scanned for interesting events using the data
‘editing package. Tnls 1s an interactive program that allows
selected channels to be displayed on a cathode-rey tube,

The gains and time scale can be modified at will by the opera-
tor. Using this packagme, the operator can quickly search a
aata tape for a deslired event, examine it, photograph it,

plot in on a hard copy plotter, and, most important, transmit

the selectea channels Lo a larpe volume disk file. In this



way, the operator can bulld up a disk file of interesting
events for subsequent treatment. Because the disk file 1s
a random access storage devlice, the operator can prepare
flles of the same events from each of the high-gain stations
and, in subsequent processing, achleve the effect of a multi-
plexed data tape. The disk file is large enough to storé
many events; there 1s room for 6 days contlinuous records of
a single velocity channel, or a month of a displacement channel.
All the contents of the disk filec are available for use
by subsequent programs; the user can simply call for the
events by nane.
¢. Data Analyslis: Standﬁrd analytic techniques are
programmed t{o use the data from the dlsk ri}e. Power and
cross—-spectrum analysis, error detection and correction,
filtering and plotting prograns are examples, Ina research
environment it 1s deemed unneéessary, and in faet undesirable,
to have too many analytic techniques "frozen" in the standard
form., lience, the programming support has been provided in a
building block form., Individual subroutines perform the
needed operations; fast Fourler transforms, recursive filtering,
convolution filltering, fast convolution by transform products,
smoothlng followed by decimatlon, ete. In this way, a sclen-
tist with only a rudimentary knowledge of programming can
easlly develop and experiment with rather sophisticated signal

processing technlques. %o glve an example, a8 matchad-filter



8.
could be bullt to seck events ressembling a master event by
calling the capitalized subroutines: REAP, to fetech the
master event; REVERS, to reverse its time sense; REAP, po
fetch data to be filtered; FCON, to perform fast convolution;
and PLOTR to plot the output. The last three steps could be
repeated indefinitely,.

By programming euach bu£&ding~block subroutine as efficiently
'as possible and by careful attention to sequential processing
of the data, the limited capacity and speed of the IBM 1130
computer at Lamont does not prove to be & barrier, or at least
not an inéurmountable barrier, to surprisingly complex data
processing. When a larger computer is needed, an IBM 360 on

the Columbia campus 1s used.

VI. Results of the data analysis

Analysis of data from the newly Installed high-galn selsmo-
graph stations at Charters Towers, Australia; Falrbanks, Alaska;
Chiang iMal, Thalland; and Ellat, Israel in conjunction with data
from the high-gain.station at Ordonsburg was Initiated on the
followlng toplcs:

1. Ultimate detection levels of world-wide seismic events,

2. Discrimlnation between carthquakes and underground
explceslons using lonec-period body and surface waves.,

3. The structurc of earth noise at periods longer than

10 to 1% sec.



4, Excitation of mantle Raylelgh and Love waves as a
functiﬁn of magnitude, region, and focal'depth.

5. Free osclllations,

Data analysis was generally limited to these topics be-
cause of the short time avallable after station installation
and because these topics were considered to be the most imme-
diately promising subjects that fall within the initial intent
of the research. The results obtained to date conme from both

visual and digital analysis of the data,

Detection Levels for Surface Waves

The objective of thils study 1s to determine the ultimete
detection capabllities of the six high-galn stations for
world-wide selsmic events. The method used is to compare the
number of events observed on the three-component high-gain
selsnograms during some time interval with the number of events
reported by the Unlted States Coast and Geodetlc Survey (USCIS)
for the same time interval,

At the present time the results in Table 1 are based on
230 hours of recording fime at the high-gain statlions at
Ogdensburg, Charters Towers (CYTA), and Falrbanks., The cholce
of this particular time period was dictated'by the avallabllity
of the monthly listings of the USCGS and the overlapping of
high-gain data. Recording at the Chilang Mal and Eilat sites

did not start until December 1970,
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The analysils method employed to date conslsts simply of
visual scanning of the selsmograms for body and/or surface
waves, An event 1is considered as detected if body and/or
surface waves are observed, Amplitude and perlod measure-
ments are taken and are belng used in a separate Mg-my study
of world-wide events, |

The most striking result in Table 2 is that a total of 198
separate cvents were detected by the three himh;gain stations
while only 117 events werc reported by the USCGS. Thus, long-
period surface waves were observed for 93 events not reportecd
by the USCGS, while only 12 events reported by the USCGS were
not observed by the three hiph-galn statlions.,

The total number of events divided by §he number o. days
of recording yields a detection rate of 20 to.21 events/day
or about 7500 events/yr for these three statlons. It should

b

©

noted that this detzction rate, 7500 events/yr, i1s a mini-
mum nunber since the recordlng times chosen for analysis did
not include any large shoek (mpd6.0) aftersnock sequences
that woula substantlally Incresase the number of events de-
tected., Thus we haove tested the cepabilities of these three
sites for relatlively "quiet earth" conditions. The largest
nunber of unreported (USCGS) events were observed at CTA,
whicn probably results froo the proximity of thils site to

the actlve troench systens of the southwest Pacifiec., As

dliscusacd later, howover, the nurber of unreported events at

IR R



1),
a given station (Table 2) may also merely reflect the rela.--
tive nolse levels at the recording sites,

Evernden et al. (1971) found that the Opdensburg detec-
tion levels for Raylelpgh waves from events in the Aleutians
(A=60 to 70°) and the New Hebrides, Solomon lslands reglons
(4=120°) were mp=4.4 and 4.5 respectively. The rosults in
Table 3 show that with the high-paln stations at Australia
and Alaska, the detection thresholds for events in these two
reglons have been substantially lowered, i.e., by 10 to 12
db. For instance, the station in Falrbanks can detect sur-
face waves from mp=3.8 Alaskan evenis up to 1%° away and mp=
.2 for Rat Island events. The Australlan station detects
surface waves from mp=3.8 events in the New Guinea, New
Hebrides and Solomon Island rzgions., The significance of
‘these very low thresholds can be apprecialed when we recall
that the high-galn stations at Ellat, Israel and Chiang HMal,
Thalland, are 18 to 20° from locations of presumed underground
explosions in Russlan and China, respectively. There are not
sufficlent data (seismograms and monthly listings) presently
avallable at Lamont from these two stations, especlally Ellat,
to determine thresholds for nearby reglons. When these data
become avallable, this study wlll be extended to Include these
two recording sltes.

| In the interim we are contlnuing anzalysls of the data from

Ogdensburg, Charters Towers, and Falrbanks to i1l in obvious
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gaps In the world-wlde coverapge of detection thresholds.
A paper descrlbing these results 1s in preparation and will
be submitted for ﬁublication in JGR.

A simllar study JIs under way for long-period P wave

detectlon thresholds at these threo sites. While the
present results are rather preliminary, in general the
thresholds for P, S, and multiple S phases are approximately
0.5 mp unlt higher than the surface wave detection thresholds
for a glven reglon. Long-period $ and multiple S phases
are the mwt conspicuous body phases on the high-galn recordings.
Since thegse waves are probably not subject to significant
multipath effects, theoy could be used with matched filters
for the observation of earthquakes or undﬂrground explosions
burled cither in noise or in the surface waves of a larger

event,

Dlscrininatlon - bkarthauaies end Undersround lixploslons

R e S maS ame

Studles by Molnar et al., (1969), Savino (1970), and

Savino et al., (1971a) showed that discrimlnation between
cartiguaxes and underground explosilons Iin the western United
States recorded at Ogxdenchburg, on an Hg-mp basis, is en-
hanced wnen My 1s based on the amplltudes of U0 sec (Fig.
1b), rather than 20 secc (¥Fir. 1a), Raylelgh waves. This
same result, althoush necessarily of a preliminary nature,

holds true for western U.S. explosions and earthquakes re-

cordcd In Australia (A=110°), and for Asian earthquakes and
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two presumed Russian explosions recorded at kEillat, Israel,
The eplcentral distances of these presuned exploslons frou
kBilat are only 18°, As polnted out in the previous section,
our detection capability at such small distances 1s quite
good; surface waves from earthquakes of my=3.8 or larger
are observed, Thus, wilth fulure data from kilat and Chiang
Mal we should be able to test for parallelism of the explo-
sion and earthquake populations (Molnar et al., 1969; Savino
et al., 1971la).for events of lower magnltudes than possible

at Ogdensburg.

Earth llolse,

The spectrum of earth nolsc between 20 and 130 sec ob-
served in the deep mine at Ogdensbury was sﬁoﬁn by Savino
(1971) and Savino et al. (1971b) to be characterized by a
very stable minimum, or window, between 30 and 40 sec. At
longer perlods the spectrum increases at 12 to 14 db/oct,

The highegain instruments are designed .as optimum fil-
ters for the recording of long-period selsmice information.
That is, the Instrument response curves are snaped to resemble
as close¢ly as possible the Inverse of the mean spectrum of
earth nolse with pealk recording megnifications of 150,000
between 30 and 40 sec.

Using data recorded on the digltal data acquisition

systen, power spectra of background nolse were computed for



the five high-gain sites listed in Fig., 2. Prior to the
spectral computations, both the photographic recordings and
computer-oscilloscope play-outs of the ulgital data for
each station were analyzed and determined to be free of ob-
vious earthquakes of transients.

The spectra in Filg. 2, which are not corrected for
instrument response, indicate that at all five recording
sites in different regions of the world there is a minimum
in earth noise between 30 and 40 sec. These spectra are for
different recording times and show the presence of primary
frequency microsclsms at Ogdensburg and Falrbanks for the
time periods analyzed. The absolute level of earth noise
at these five sites is obviously not dependent solely upon
depth of overburden, For instance, the level of Chiang Mai,
a surface site, plots lowest while that at Ogdensburg, the
deepest site, is higher than Chlang Mal, Eilat, and Charters
Towers., It is Important to note that horizontal noise level
at Charters Towers, Ellat, and the surface site at Chiang
Mal are not apprecilably higher than the vertical nolise level
Thus we are able to record the horizontals at gains comparab
to the verticals., A more detailed investigation into the
spectral structurec and temporal behavior of earth noise at
these five sites is under way and will be reported on in the

future,

14,

S.

le
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Of speclal interest is the temporal variation in the
horizontal noise level at Falrbanks. To date we have found
that the background noise level recorded on the horizontal
components can underpo order of magnitude veriations in
amplitude., This nolse is long-perlod (T>50 to 60 sec) and
does not appear on the vertical component. A special in-

vestigation into this nolse 1s under way.

Mantle Love and Rayleiph Waves

A study of mantle Love and Raylelgh waves with periods
longer than 50 to 60 sec, excited by earthquakes in various
seismic reglons, was initiated. The objectives of this
study are to investipgate the dependence of the excitation
of these waves on the focal dépth, magnitude and location
of seismic events. In addition, the multiplicity of re-
cording sites allows an excellent opportunity to investigate
the Q structure of.the upper mantle for many different regions..

Figure 3 shows the epicenters of various earthquakes
that generated G and inversely dispersed Raylelgh waves as
observed at Charters Towers (CTA). These data only cover
a twommth time period. G waves from 36 events have been
observed and cataloged. The smallest event from which G;
was observed occurred off the west coast of Columbla (~135°)
with a reported (USCGS) magnitude my of #,8., The horizontal

component seismogram (NLO) in Fig. 3 shows multiple G phases
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' (Gl to G,) excited by thc San Fernando earthquake of 9
February 1971. A group“ve]ocity of 4.5 km/sec was computed
for these waves over the oceaniec path.

The inversely dlspersed Rayleigh waves with periods
between 40 and 200 sec in Fig. 3 are typical of those re-
corded from many small evgnts at different azimuths,

At the present time all events that are observed to
excite mantle waves are being catalogued. These data will

then be subjected to more sophlisticated analysls techniques.

Free Osclllations

An investligation of the modal structure and Q values.
for free osclillations excited by shallow and deep focus
earthquakes was started. The digital data dllows for accu-
rate spectral calculations uslng computer programs described
in section V.

Fundamental spherlodal 1 odes between Sy (3206 sec)
to 083u (236,5 sec) were observed after the west New Guinea
eartnguake of 10 Jan 1971. This event occurred at 07Thl7m03.7s
and was assigned an my of 7.3 (USCGS, PDE). Approximately
2l hourg of dlgital data from Ogdensburg were used In the
spectral calculations,

In the future we plan to separate spheroldal and tor-
slonal modes of osclllation using vertical and horizontal

data from =11 the high-pain stations. For those stations

that are not fuvorably located azimuthally, rotation of the



station coordinate system using the N/S and E/W data will
ald in separating the various modes. In additlion, data from
all the stations will allow us to measure phase velocities

for many different paths.

i7.
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TABLE 2
Raylelgh Wave Detection Thresholds for 3 High-Gain Stations

Number of Events Recorded Over 230 Hours

Reported (USCGS)

Ogdensburg, But Not Observed
Charters lowers and Unreported on High-Galn

PDE Falrbanks - Events Records

117 198 93 12

Bt o e . Mo 6 31 itn

Unreported Events Per Station

Ogdensburg 39
Charters Towers 56
Fairbanks 30

¥Potal 125

¥'hile the number of separate unrcported events is 93, some of
these evenis vere observed at one or more stations thereby

increasing the total number of unreported events,



TABLE 3 19,
World-Wide Detectlon Thresholds. in Terms of my

Using 3 Station Network Jgdensburg, Charters Towers, & Falrbanks

(0GD) (cra)
Location ¥Threshold Nearesst 4 of Near
(mp) ' Station Station

Central Alaska 3.8 Fairbanks 5
Gulf of Alaska 3.9 Falrvanks 1
Alaskan Penlinsula 3.9 Fairﬁanks 10
Andreanof Island 4,1 Fairbanks 20
Rat Island 4.1 Fairbanks 22
Hokkaido, lonshu b,y Fairbanks s
Kurile, Kamchatka 4,3 Fairbanks 35
‘New Guinea, 3.8 CTA . 15=-20
Solomon lsland '
New Hebrides 3.8 CTA 18
Western Indian Ocean b, 4 CTA 70

| lkaster Islands b,5 CTA 85
South Sandwich 4,7 CTA 100
Turkey, Greece, b,.3 oGDh 80
Balkans
Chile h.5 OGD 5
Perul b.4 0oGD 50
Colombiea 3.9 0GD 39

¥ The smallest value of mp reported by USCGS, PDL for which

surface waves are observed,



20,

Location ¥Threshold Nearest A of Near
(my) Statlon Station

Galapagos 4,0 0GD 43
Central America, 3.9 oGh 30
Mexico

Gulf of California 3.9 0GD 3%
Soutihnern California h.3 0GDh 35
Northern California 4.4 0GD 35
Nevada, Utah 4,4 (o]¢]V) 30
Central Atlantic 3.9 oGD 30
lceland 4.0 oGD 28

Arctic Ocean 4,2 0GD 45
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FIGURE CAPTIONS
(] 23.

Figure 1 & and b, Eventslin the western United States recorded
at Ogdensburg. Comparlson of peak-peax anplitudes (a)
20-sec Rayleigh waves, and (b) N0-60 sec Rayleigh waves
&s a function of my as determined by Evernden's formulas
(1967). The eclosed circles denote earthquakes in the
Gulf of Californis; closed triangles dsplict earthquakes
in the horthwestern Unlted States; +'s deplcel aftershocks
of NTS exélosions; x's denote 29 Palms (Callifornia) earth-
quakes; the closed squares represent earthquakes In Idano.
The open circles represént explosions at N1S, the open
square denotes Rullison whlch occurred at Rifle, Colorado.
The circles (closed and open) with arrows denote events
not observed. These polnts are plottéd at the nolse
levels at those times. Note that earthquake lc and ex-
plosion populations separate better on a2 Mg 40-60 basis

(Fig. 1b) than on a Mg 20 sec basis (la).

Figure 2. Nolse spectra based on five hours of vertical com-
ponent data from each site recorded digitally. These
spectra are plotted al the absolute level of ground motion

at 40 sec but are notl corrected for Instrument response.

Figure 2. lMap of world centered on Charters Towers, Australia,
showing locatlion of eplcenters for those events which

exclted mantle Love and Raylelrh waves.,
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