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Technic.-jl Report Summary 

The research undertdken in this project is directed to three 

principal tasks.    The first of these is the application of three-dimensional 

seismic  ray tracing to probk-ms of hypoccnter location and focal mechanism 

detc   mination    thereby  freeing the analyst from the unrealistic assumptions 

of a  spherically symmetric earth.     One of the products of this task will be 

a greatly improved model of upper mantle structure and wave propagation 

under the Hindu Kush region of central Asia.    The second major task is 

generally directed to exploring the full capabilities offered by the High 

Gain Long  Period network for discrimination of earthquakes and explosions, 

especially at low energy levels.    The third task xs an attempt to establish 

a classification of Asinn enrthqur.kes in interesting source regions on the 

basis of spectral content,   dominant focal mechanism,   b- values,   and other 

descriptors. 

The principal achievements to date under the first task are the 

completion of the development of a computer code to (reat ray tracing 

in a generally heterogeneous medium and the successful testing of this 

code by application to the central part of the Aleutian arc.    Significant 

improvement in hypocenter locations and greatly increased ability to 

relate the events to the major structural elements have been achieved. 

Thm effects of upper mantle structure on focal mechanism solutions and 

dTMA measurements at tclcsoismic distances has also been studied, 

with results presented in this report. 

I  ——  
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Technical Report S imrrary 

The research undertaken in this project is directed to three 

principal tasks.     The first of these is the application of three-dimensional 

seismic  ray tracing to probK-ms of hypoccnler location and focal mechanism 

detc.mination.   theieby  freeing the analyst from the unrealistic assumptions 

of a  spherically symmetric earth.    One of the products of this task will be 

a greatly improved model of upper mantle structure and wave propagation 

under the Hindu Kush region of central Asia.    The second major task is 

generally directed to exploring the full capabilities offered by the High 

Gain Long Period network for discrimination of earthquakes and explosions, 

especially at low energy levels.     The third task is an attempt to establish 

a classification of Asian earthquakes in li*   -esting source regions on the 

basis of spectral content,   dominai t focal mechanism,   b- values,   and other 

descriptors. 

The principal achievements to date under the first task are the 

completion of the development of a compute.'fode to treat ray tracing 

in a generally heterogeneous medium and the successful testing of this 

code by application to the central part of the Aleutian arc.    Significant 

improvement in hypocenter locations and greatly increased atilily to 

relate U.o events to the major structural elements have been achieved. 

Tha effects of upper mantle structure on focal mechanism solutions and 

dT/dA measurements at telescismir distances has also been studied, 

with results presented in this report. 
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An a.   related effort under th.s ta.k is the inveotigation of mean 

P travel-time residuals at stations of the Soviet seismographic network. 

These results will be used as part of the    input for the development of 

models of crustal and up^cr mantle structures in central Asia. 

Work on lor--period body waves has developed along two lines. 

Spectra of   body waves  from c   ustal events  recorded on standard long- 

period instruments of the WV SSN have been interpreted in terms of focal 

depth.    Data from the HGLP network will be used for this purpose also, 

but that system is not yet up to full operational status.    Studies to date 

of explosion and earthquake seismograms from the HGLP netwoi .c have 

revealed that long-period  P waves are essentailly absent of   explosions, 

but SV type body waves are strongly generated and are the only body wave 

type clearly seen on the HGLP records. 

Under the thud task.   P and S wave spectra,   magnitudes (long and 

short-period body wave magnitudes and surface wave magnitudes),   and 

focal mechanisms have been derived for events occurmg in from selected 
i 
J 

source regions of central Asia.    This task is still in the data-gaUiering 

and basic analysis  stage and no general conclusions have been reached. 

mmmmm^mm 
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l» APpHcatuw of Scinmic Kay Tracing 
E.R.  Fngdaiil " 

The problem   >f ray tr.,cin- in a generally lieterogeneous med 

has been treated using the calculus of variations and Fermat's principle 

of stationary time.     The solution in geocentric spheric?) polar coordi- 

nates is a system of five simultaneous first-crder differential equations 

giving the variation with time of the position (r.  9.   $) of a point on a ray 

and the direction of propagation (i . incident angle, a > azimuth) from 

this point in terms of the wave speed (v) and its spatial derivati 

the medium . 

ives in 

A computer program has been developed to treat this generalized 

formulation.     Only the size of computer core **) time requirements 

limit the detail to which v and its spatial derivatives can be represented 

in the model.    To study subduction zones,   such as the Kurile-Kamchatka 

arc,   it is convenient to  represent the structure with a two-dimensional 

grid,   norm.l to the arc.   in which velocities are specified at discrete 

points.    In this system any degree of structural complexity may be 

r.-presented.   limited only by the Uneness of interval,  between grid points, 

The wave speed and its derivatives may then oe determined numerically 

at any point within the structure by using cubic splines. 

It has been instructive to study a short slab like the Aleutian arc. 

v.-hicl, has  reasonably well-known geometric   parameters,   before proce- 

eding to the longer slab of the Kurile-Kamchatka arc      Moreover,   the 

-- 
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existence of good data from a local netuork in the Central Aleutians 

provides a unique opportunity to study a rang« of po^ible models and 

plate effects that have applicntion eLscwhere. 

rig.   1. 1 is a cross-section of thirty-nine intermediate depth 

eP.rthqucikes of magnitude 4 or greater which have been located using 

only data from a local network centered on Amchitka Island in the 

Central Aleutians and with a  Kerrin spherically symmetric Earth model. 

A hypothetical plate model,   shown for reference,   was independently 

derived from observed travel times and amplitudes from nuclear 

explosions on Amchitka Island2' 3.    The scattering of the   v/pocenters 

serves to illustrate uncorrected plate effects in the local data.    The 

solid circles are two events within    the set     \icb wexe also relocated 

but *i\h a common network of twenty-nine local and teleseismic stations. 

In addition,   an attempt was made to correct for plate effertg by adjusting 

observed arrival times by their corresponding residuals from the 

Amchitka explosions.     A significant reduction in the standard error of 

an observation was achieved. 

An obvious next step is to incorporate the plate model in the 

h/pocenter solution using seismic ray tracing in the manner described 

by Engdahl   .    In Fig.   1.2 the thirty-nine   -vents have been relocated 

using a  relatively simple plate  representation which incorporates a 7 

per cent increase m velocity within the plate over the surrounding Herrin 

malle.     The approximate grid size for this model was  5 X 5 km.    The 

um*m*mm MMHMWIM« ■HMM^n__ -"" — _ 
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in effect on the hypocenters is dran^dc. They are now concentrated 

a rather thin zone (- 10 km) xn the upper half of the plate which also 

corresponds to the colder, more brittle region of the slab suggested 

by thermal anomalies   . 

A more realistic velocity model may also be constructed from 

numerxcally calculated thermal models of slabs.    In Fig.   1. 3 is shown 

■  plato model (on a   10 X  10 km grid) derived by perturbing the Herrin 

velocities u Uh | thermal model of the  Meulian plate derived by Sleep3. 

Hypoconters  relocated usmg the local network and this model again 

define a tlun ..one in the colder uP;.er half of the plate,   but also cor- 

responding to the  region of largest velocity (or thermal) gradient.     The 

solid circles are the same events  shown in Fig.   1. 1.  except relocated by 

seismic  ray tracing using tins model.    In this case,   station corrections 

applied to the observed arrival times were the residuals obtained from 

the Amclutka explosions by tracing tlnough this model.     The locations 

of these two .vents shown m Fl«..   1. 1 and  1.3 are in close agreement. 

This  is to be expected i( the pl.te  structure is a good fir.t approximation 

to the real Fa rth. 

The teleseisnuc events  shoun in rig».    1. 1 and   1. 3 also provide a 

good opportunity to study plate  effects on focal mechanisms  and dT/dA 

measurements beyond 30'.     Fif..      1.1 and  1. 5 are comparisons of ray 

projections on the lower half of the focai sphere (equal-area a.imuthal) 

for  thm sphencaliy symmetric and laterally vnrymg Farth models.     Only 

IM-'^k tmmamm ■—■ i 
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dau r,..,d ltwB , WNSS ^y^ ^ t|ie  An ( ^^^ net ^^ ^ ^ 

invc^au.- are 5l,ow„.   Cfc^.. .n . a„d , „, up to , pand ^     respec_ 

•ively.   b^tween .„e ,„.„ models „„ cumputed ^ ^ ^^ ^     ^ 

large,, cha„ges o«„, .cd to, „„ de.^r.i^ .1Parly „„^ ^ str.ke or 

the a.c.    TM. C be seen in „.e gone..., cc,u„,erclockwise rotation ^ 

ray point, ,o North America in the NK quadrane.    „ 80me |-to(|##i i 

rctat.on of roc ,1 angie, of this .nagn.t„de co,„d prod„ce a correSpondi,lg 

dtatribution or ray po.nts i8 SUch that UM. „ no ch,lni;c „ ^ focai 

meLhanisms is demanded. 

The :heore,ical dT/dAand bach a :,.,„„„„ of the wavelron, were 

also compos for stations beyond 30   .   The largeSt departores from . 

spheccnU, symmotHc n.ocie. „ere 0.02 sec/' a„d 0.4'.   respectively. 

TU, is not . whoUy uncpecci result s.nce oniy . smalI pal.t of thc 

..•'~c path acaiy sees the laterol.y va ,.ying mantlo „ „,, ^^ 

Tins does,   however,   suggest qu.ntitat.vcly tha, plate effee, will not 

no.maUy be d..tectab,c by seism.c arrays at teleseis,„ic dtstances. 

*• .r.l.MI, ..lu»wW,. the coperatton „r the .Xatn.nal Center 

'^ A,mOS' '" U—"h ■•' •"■■""•'i^ «- -c or their CDC 7600 

-mputer ,., *, p„rpi,a(, i)f ^^ ^ ^^ ^ ^ ^_ 

totloMl Ivchniqu«! MM] m fin, r«««arch. 

—  - ■    -   ■■!!   ^—1■■!         —-——****—-   
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h Stetion Corrections for Soviet Stations 
r..H.   "ntidahl and R.   ^grawal 

Approximately 4000 rcidunl» of U.lo9ei.mic P wave- reported by 

st.tmns l„ iho Soviel buJMh,.. for .Mrtliqunke- deeper then JOO km 

during   1970-1973 wore examined for .ource-.tetion anomalies.     Resxd- 

uals »ere firet »epar.ted into source regiom by station to determine 

if mean  resuiuals vary with the body-w.ve magnitude ot the earthquake 

(or equivalently,  the number of .tatiom reporting) or the depth for each 

source  region.     No obviou. effect,  were observed m the plotted data, 

at least  in part because the Soviet bulletins are selective only of the 

larger magnitude earthquakes. 

Station quality appears to vary  roughly with reported station 

sensitivities.    Stations  reporting to 0. 1  sec were not always as  reliable 

as those reports to 0. 5 sec.     One station (MAG) shows an abrupt 

change of mean residual of about 3 fee,   during April,   1971.   an effect 

that could be due to an unreported change of location. 

Source biases introduced by different source regions were  removed 

by computing station re.idual.   relative to a reliable base station (TLG). 

These  relative residues had means  consistent within .  standard error of 

0.  I   sec.    The mean residual waa then computed over 

for the base station and the  relative  station 

all source regions 

means (to the basa station) 

adjusted accordingly to obtain abaolute station corrections  relative to 

the  Jeffreys-Hullen tables.     The   results  are plotted I«   Fig.   .'..  I. 

The bracketed numbers in Fig.   2. I „re mean .talion corrections 

independently determined by Kogan1 from Eniwei A exploaions and 

■MMM MMMH 
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adjusted by +2.0 sec.   to the J-B tables.    .Although these are small samples, 

they repres.-nt high-quality data and are in fair agreement with the results 

of the deep-earthquake study.     In the region north of the Hindu Kush the 

agreement is to within 0. 2 sec. 

This study demonstrates the usefulness of the technique,   and plans 

are being made to •xtond the results to other Asian stations using ISC 

data from  1964-1970.    The station corrections will then provide a means 

of separating out purely source effects from observations of earthquanes 

in the Hindu Kush and Kurile-Kamchatka  regions. 

RetV rence. 

I.      Kogan.   S.D.   (1960).    Travel times of longitudinal and transverse 

waves,   calculated from data on nuclear explosions made in the region 

of the Marshall Islands.   I^v. .   Geophys.   Ser. .   371-380. 

■MMfa 
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3.    Depth Determination from Long  Period Body V. ave Spectra 
G.   Boucher 

The deterrru?\ation of the depth of focus of earthquakes is one of 

the classical problems in se.smology.     Although the problem may be 

regarded as solved in principle,   through use of body-wave travel times, 

depth phases,   surface wave amplitudes and spectra,   and so forth,   well- 

known practical difficulties remain,   particularly in the case of shallow 

earthquakes.    In this research Fourier spectra of body waves  recorded 

or. standard WWSSN loi  ' period seismograms are interpreted in terms 

of the spectral modulations produced by the interference of near-source 

surface reflections and the direct body wave,   such as pP and P.     The 

method of analysis has practical value not only in determination of depth 

of focus (which may be useful in deciding whether a suspicious event 

might be an explosion or an earthquake),   but also in determination of 

the focal mechanism.    This work was intended to lay the groundwork for 

applying the process to digital seismograms  from the High Gain Long 

Period Network (HGLP).    It has been found that a relatively simple 

model of a body wave phase and one or more near-source surface 

reflections produces credibl<- and consistent results in some cases, 

when the precise timing of the depth phase would normally be in doubt. 

Considerable attention has been given to maximization of the chances 

for success of the method and to the sources of ambiguity and difficulty. 

Focal depth determination by means of long period body waves 

complements other methoda of focal deph determination.    When only 

m MMMMMH 
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teleseisniic data are available to define the so.irte parameters of an 

earthquake,   unless the depth of focus is great enough to produce unam- 

biguous depth phases,  determination of focal iepth is limited to indirect 

means.     Basically this is because of the trade-off between focal depth 

and origin time in telesoismic location algorithms.    Tsai and Aki^ap- 
> 

plied a theory of Saito    to determination of focal parameters   ising 

surface wave spectra,  but the results are not without ambiguity,   and 

either multipath effects or multiple events at tin; same source may give 

misleading  results.    The problem in separating depth-diagnostic phases 

such as pP from P for shallow earthquakes is that the seismic signals 

are too close together in time to be distinguished.    With short period 

seismograms the problem is that the   complicated structure of the earth 

results in a body wave signal that lasts for several tens of seconds. 

Because of the narrow bandwidth of typical instruments it is difficult 

to pick kiter arrival;  from the nearly sinusoidal signal.   On Jong period 

records,   such as the WWSSN long period instruments,   the time resolution 

is relatively poor,  and the signals are somewhat smeared out in time 

because of the amplitude and phase  response characteristics of the 

instruments,   although the s;gnals do not appear so complex.     Thus even 

if it is apparent thai a mixture of ph-ises is present in a  packet of body 

waves,   it is quite another matter to identify their arrival times and 

relative senses with certainly.     It has been learned In this  study that 

the application of Fourier spectrum techniques to long period body- 

waves of earthquakes shallower than about  50 km makes the focal depth 

MMMH^M 
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problem tractable.     Part of the following discussion will be devoted to 

exploring the liberties that may he taken with mathematical rigor and 

physical reality in order to achieve useful results. 

After treatment of the simple theory,  a few examples will be 

shown to demonstrate the expected modulations on the body-wave 

spectrum.    A second approach will be a comparison of real seismograms 

with synthetic  seismograms made by convolving theoretical seismic- 

pulses and their echoes with the instrument response.    The focal depth 

and corner frequency may be determined simultaneously by visual trial 

and error,   without recourse to Fourier analysis. 

Theory. 

An easy way to conceptualize the use of spectrum modulations to 

characterise secondary arrival.  I« to consider the convolution of a si,;nal, 

say an elementary  p wave,   with a pair of impulses which may or may not 

be mutually reversed in sense.     It will be assumed that for practical 

p.    noses the signals to be separated are similar in shape,   but with pos- 

sib.,- different amphtudes.    The amplitude spectrum of a pair of identical 

impulses is a sinusoidal curve v ith either a maximum or a minimum at 

zero frequency,   defending upon uhether the impulses are of the same or 

opposite sense,   respec-vely.     In Mie general case where the relative 

»mptltud« of the second signnl i, ±   a.   and the Founer amplitude spectrum 

of the common pulse is f («),  u!,.,., . i9 angulal. frequency,  then the 

modulated  Fourier spectrum due to the interference of the  second arrival 

MM 
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i.s f (x; .   (' tm   + 2a  cos  (J-T) where T is the time interval between 

3   4 
events        .    If the two arrivals are dissimilar the situation in the 

frequency domain becomes much more complicated«     For moderate 

ea rthquaki-'s such os those ttudiod lu-re the soi       c dimensions are small 

enough that the separate pulse arrivals may be  regarded as similar for 

practical purposes. 

The utility of Ihe method is aided by the form o' elementary 

source spectrum of the earthquake.     Common to dislocation models of 

the earthquake source function is an essentially flat spectrum from some 

'corner frequency' down to zero frequency        .     Thus modulations due to 

interference predominate over expected peculiarities of the source 

mechanism as long as the frequency range of interest is below the corner 

frequency.     Because of the shape of the instrument  response,   noise,   and 

a technical difficulty pointed out by LinJc and Sacks   ,   it is difficult to 

establish the very low frequency points of the spectrum.    On the other 

hand,   at sufficiently high frequencies attenuatio a and the effects of the 

crustal response become severe.    Thus there is a  region of the spectrum 

where the frequencies are neither too high or too low,   where path and 

multiple phase effects predominate.    One goal of this study was to de- 

termine the  region of the spectrum where this  is true lor shallow events 

of moderate si/.e as   recorded by \\ USSN long period seismographs. 

In the case of long-pe riod seistnograms,   a  recorded body-wave, 

often can be  represented by the convolution of the. inslrament  response 

■MMMMMtM^M ^■M 
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with ^ rather limplr pulse sh.-ipc of .-h MI duration.    That is. tho effect 

til  layrriiu', 01* other  inlimn^^iMK-il .rs .ilonu the prup;)g«ltion p.itli is 

someiimos negligible,  so that the effect of removing the instrument 

response is to reproduce essentijlly the form of the seismic pulse. 

Thus it may be effective to remove the instrumen:  response from the 

complex Fourier spectrum of the signal.     The reason for this i-> that 

the Sinaa ring-Out of the seismic signnl by the instrument response is 

then eliminated,   and seismic pulses of short di ration c        ictually be 

'read'  from the deconvolved seismogram of direct ground motion.    This 

is usually   less satisfactory than looking at the spectrum to determine 

delay and sense of multiples of a pulse,   but it is instructive in other 

ways since the phase information is utilized,   giving a more complete 

picture.     It can also be diagnostic of cases where the simple theory is 

inadequate,   particularly when extra pulses are present. 

although problems of noise and multiple events are discussed 

in the sections on experimental results,   a few comments on the practical 

aspects of using Fourier transforms for non-stationary signals in the 

presence of noise may be in order.    The essential point is that a seis- 

mic body wove signal or phnse is finite in duration.    On a  raw digitized 

•eiamogram,   if the duration of a source pulse is only a few seconds, 

then | dot,i  sample no longer than 20 or 30 seconds,   which is about the 

length of the most  important p,i rt of the impulse response of tho h.eis- 

mugranh system,  may b« »dequat«.    To tako a longer sample is limply 

^M 
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to include other possible phases,   and more signuicantly to include a 

greater proportion of noise energy.     It is obvious,   of course,   that the 

sample must be long enough to include a sufficient sample of all the pulses 

of interest.     For example,   a sample that includes an adequate length of 

P,  but only the beginning of pP will be modulated correctly in the upper 

frequency range,   but     te bottom end of the spectrum will be incorrect, 

and the vital first hole may be missing.     But inclusion of unwanted phases 

produces unwanted  modulation ol the spectrum,   making interpretatio?! 

difficult.    Since microseismic noise is of a quasi-stationary character 

the noise power in the  spectrum is nearly proportional to record length. 

For signal-to-noise  ratios of the order of ID,   as is the case for earth- 

quakes in the size range studied here,   any unnecessary amount of noise 

is intolerable.   For   isolated signals signal-to-noise ratio is a decreasing 

function of sample length beyond some point.     This  is in contrast to the 

situation for stationary signals and noise whore the  signal to noise ratio 

doesn't vary much with sample length,   and where it may be possible to 

characterize the noise well by developing a  statistically better deter- 

mined average.     In  .he case of seismograms,   the noise may not be stationary, 

and no certain advantage accrues from studying noise samples that are 

longer than adequate signal samples.     This is especially true when the 

record contains noise trans ents or interfering phases,   as often turns 

out to be the case.     It is critical to be.ir in mind that the travel-time 

curve of any particular phase may be complicated  in certain distance 

ray.es,   w;,lh duplication or t iiplic.it ion,   cusps and other phenomena. 

mmmtm mm*m 
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■om« of which may nol be understood.     For this reason the interpre- 

tation of an earthquake involves numerous lines of eviJence,   in. '.idijv; 

as many phases as possible and as man,  stations at different distances 

as may be necessary. 

With reference to the problem of discrimination of underground 

nuclear explo.-ions,   it should be noted that in the case of P waves and 

other waves of the   Ptype.   there uiJl bo very little one;j;y at long period«, 

because of the cancellation effect of the near-source surface reflection 

of the Ptype.     Thus,  an interesting special case,  to be discussed in 

Section 4.   is that,   in which no detectable long pe.-iod signal is present. 

Experimental Datn and Observations. 

on Data for the numerical experiments were obtained by c'igitizati 

of photographic enlargements made from WWSSN film chips,  using a 

Calma digitizer.     The digitizer is claimed to have accuracy of 0. 003 

inch; the principal limitation upon the accuracy of th.   digitization is 

the steadiness of the operator.    The digitizing rate waa always at least 

1 sample per second of record time,  and usually   1 per second,    aliasing 

effects appear to be negligible.    Below 0. 5 Hz the spectra for records 

digitized at 4 samples per second were not significantly difficult in tl.e 

spectrum below 0. 5 Hz from those with a sampling rate of 1 per second. 

The Fast Fourier Transform algorithm was used to compute Fourier 

•spectra,   using either  l?.«or 312 poi„ts.   and  filling in with .eroes if the 

sample was shorter than the specified number of transformed points. 
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This study was based on earthquakes located in the central 

Aleutian Islands,   principally because data from the Aleutian Island 

Seismic Network helped to insure that the depths obtained from tele- 

seismic solutions are fairly accurate.    In this way the technique of 

depth determination from long period body waves can be evaluated. 

Data from stations as near as 21 degrees (COL) and as far as 90 

degrees (SJG) were used.    Magnitudes of events were in the range 5. 5 

to 6   as determined by the National Earthquake Information Service of 

the U.S.   Geological Survey.     The depths given in the Preliminary 

Determination of Epicenters were used as a guide in preliminary 

selection of data.    It is mainly by comparison with the depths deter- 

mined by the  PDE program that the method is justified for use in other 

areas where depth control is poorer. 

TABLE     I 

Event Lat. 

05-14-69 51. 3N 
19 3Z  54. 2 

09-12-69 51. 2N 
08 57 07.3 

Ü7-1H-70 51. 4N 
01 48 38.9 

08-04-69 5. 7S 
17 19   19.6 

()«-30-70 SZ.4N 
17 46 09.0 

Lons.      Depth,km     m   /M Location Figure f 
b       s 

179. 2\V 

179. 2\V 

178. 5\V 

21 6.2/7.0      Andreanof Is. 1, 

48 6.0/6.6 

46 5.7/5.9 

2. 

125. 3E 521 m.^6.2       Banda Sea 
b 

IM.t'-E 04 5 m,   6.6      Sea of Okhotsk       6 
b 
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Parameter» to, *, ..«h^k.. ,:v,fc(i ,„ „,„ „^ ^ ^^ 

I. T.M. ,.    The „,.„., emp!l,nsis ,. llpo,i ,   o ^^ ^ ^„^^^^ 

rather shallow ,20-^5 km| and Sonlc„ hat dcoper(40-60 km,.    Brl., 

illustrate some 
apparent source mechanism effects that ar 

e susceptible 

to the same sort of analysis. 

The theory of detect^ pP. p or s p. p imervals (rom ^^.^ 

°( the spectrun, is atraightfor.a rd,   hu, typi^ 5pectrum5 made from 

MU»»,«m. have modulatio,. tron. oth.r .au.e. that «... he aorted 

out herore the correet one, can he .denied.    The Speetrum wi„ have 

lrrn<U„ttto. doe to hacK.roond no.e,   efteeta of the transmission path 

•hat „ere neglected In the thcory,   and perhaps unsuspected «ü.^.«, 

of the source.    The aP phase .s aiao or prlmary importance.    The focal 

mechan.sm of the earthqUake,   „htch ...... ho.h the re.ative amplitude 

and sense of the phases hc.ns examined,   adds another set of varUhles 

'Ha. affect each aefsmogram different!,..     The soiution to the problem 

-r ttadto« the correct ... „f modu.a.to.,. ia ,0 0M . ... „ ^^ 

"»P.. i.-.ths „nd time ^K. „,. ..,„ ..^^ ^ ^ ^^ ^^ 

"«" "« »'«.1»! scisi^ram.   of coirsc,,   „i,d to compare ohservationa 

'^ '  bCr ^ '•"'-J- ■— -'«.«-. atations.    „ availaMe.  a 

-H,y eccnt can serve as a controf. The first .echnlque el.minates 

apurioua modolations that artsc somciiov   from the choice of sample 

ian.th,   for e.a.nple vhen an ondestred phase .. indoded „ithm the sample 

The second, to osc a spec.fic example,   .xploi.. the small but „...„^ 



■ ii      tmmm^^ 

- 25  - 

variation of pP-P interval with epicentr.ii distance as predicted by 

ttl« travel tiinL- labl«*.     Clearly a hypotlMtical choice ot a particular 

spectral modulation that la not only »fable with respect to sampling 

length,   but also shows the proper behavior as a function of epicentral 

distance is likely to be the correct one.     A satisfying exercise,   in. fact, 

is to vary the length of the sampling window about an appropriate phase 

in order to deliberately include an unwanted phase.    As the window 

length is extended to include the intruding phase,   the effect of that 

phase can be seen to develop in the spectra.     This serves as encour- 

agement that the technique is basically correct.     It also shows that,   as 

Jong as one does not stray from the frequency range where the data are 

reliable,  the sampling problem is not too severe,and it is possible to 

use rather subjective criteria to determine just what constitutes the wave 

packet of interest,   and what should be rejected.    One reason this point 

must be emphasized is that for the earthquakes of primary interest, 

the signal to noise ratios are typically rather low.     The second is that, 

for earthquakes in the upper end ol the magnitude range studied,   i.e. 

greater than 6. 0.   the likelihood that the event will be a mu'tiple one is 

considerable.     That  situation must he identified by inspection of several 

sei.-rnograms or else from Indicfttiona given by the spectra.    It is neces- 

sary to look at records from several stations and from several different 

phases,   if possible,   to  resolve the usual ambiguities that are seen. 

The first example considered is the  rather complicated earth- 

quake of May  14,    1969.    The uliole suite of spectrum data obtaine.! are 

^amtm 
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shown.   ta order to pre** a  compUt. p.ct.ro of th. .nterpret.ve process. 

Other examples uül then be d.scussed in less detaU.   representing pre- 

sumably less complex sh.aUons:     Figure 3. 1  shous the ent.re suite of 

data from stations COL (P,.   KIP (P. pp, QOL (p,.  and SJG ^      ^ 

letters in parentheses here signify the phase which  together with its 

surface  refleetxon.   was used m the interpretation; e.g.   (P) means the pP-P 

(or poss.bly S P-P) time intei.val u,as determined      Figures  32 ^  y ^ 

illustrate other examples as described in the f.gure captions. 

It is sometimes unavoidable to include unwanted phase arrivals 

wichin the tune window used to determine the spectrum.    Since the sP 

Phase is likely to be present in addition to pP.   for example,  the spectrum 

is sometimes modulated by more than 1 sinusoid.    Interpretation by 

.nspectxon of a sum of sinusoxds of mixed phase and different amplitudes 

is difficult,   so th.t a useful approach is to model various interpretaUons 

by a sequence of impulses in the time domain,   which arere.dily converted 

to spectra for comparison.    Since the instrument response and the source 

spectrum in the period range of 10 to  100 seconds are reasonably tUt. 

it does not introduce much error to approximate phase arrivals by sp.kes 

for moderately large earthquakes,   the man, proviso being that the corner 

frequency 1. above the frequency range of merest. 

Inasmuch as a some subjective analysis turns out to he required 

in most cases in the interpretaUon of spectra,   and since the ordinal 

seismograms are the primary resource on which to base the subjective 

analysis,  an alternative method of determimng depth of focus  suggests 



«nail imm ■ ^««nPVOTV«^*   -^mmm^ *r^m^mm*^**n*^rmmmrmm 'wm^war*m—^*^mmmf**9* 

A 

\ i. 

H 
.pi i /*:   V/ ^  /     ;x;/ '•. 

'''      v v;   ■ - 

0.2 0.3 
FREQUENCY,   Hz 

Fig. 3.1.  Earthquake of May 14, 1969.  Spectrn of tel i<süisr?.ic P waves with dif- 
fcr.nt sample IcngLh s to show L'.'.o existence of a st;»hlc minimum (dot) at 0.133- 
0.141 Hz, htgnifylng a p? - P  ine between 7.1 and 7,5 sec.  COL = College,Alaska; 
KIP - KLp.,--, Hawaii; GOi, = Golden, Colorado; SJG ■ San Juan, Puerto Rico.  The 
ehoic« oi pt'-F time is also based upon additional phases not show,, here, sii'-'i as 
pPP-Pl' and lii-S.  Spectra are normalized to maximum apmlituoe, shos-m by arrr s. 
Different 1 'es are different sample lengths.  No instrument response rorrection. 
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0.0 0.2 03 
FREQUENCY, Hz 

Fiy. 3.2. i^rtbquake of Sept. 12, i9or.'.  Spectra of P waves showing pP out of phase 
vl.'h P .it Mntushiro (MAT) and Colleg« (COL), niui  in   phase at Kipapa (KIP), The 
mi'.i'irrs give sample Irngthl in seconds.  The short sample at KIP was inadequate to 
dewloti tlie low treqv-ncy hole ccrrospondin:^ to the first nininvam.  The pP-P time 
estimated from these ond other data is 9.5-10 sec. 
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0.1 0.2 0.3 
FREQUENCY, Hz 

0.4 0.5 

Kig. 3. 3.  F.nrthqu.ike of July 18, 1970.  Teleseismc P-wave spectra.  A and B are 
««« tho Golden, Colorado record. Sampla Ungtha are 13 and 67 sec. rcspcctivelv 
C •ul D are from the College, Alaska, record.  Sample lengths are 18 and 43 sec 
respectively  This earthquake wns located by the National Earthquake Information 
fru-.r at M km depth.  The iar.pl« length in the short samples was inadequate 
to display «ay but I of the «l-lru associated with the probable pi'-P tls» 
which is rather well determined at 11.3 sec from the long sample at College 
and 1/.7 sec at Golden. 0 * 
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•Uli.    TM. . to prepare .ynth.tic st,1.imosrams based upon ^^^^ 

..«-«p««,. abo,lt the rulütive size timil)g and sense of ^^ of 

Ph.....   «.i., a r....MW. modeI for ,„, pulse shapes ^ ^ ^^^ 

The Seql,unce o, „„.... ,. the„ „„^^ ^ ^ ^^^^^        ^^ 

-d P.OC..H ... p,..,,,,... .„ 0..t„,.ly ,ot «„c vl.u.1 ,;0,llparison with ^ 

U. .nclud. .... c.r«r trt,quom,. o( the p|last, .. ^ of ^^ pioces^ ^^ 

WWSSN 1..,. p(.,.lod ..,strun,0,,ls .,„ 1,.spon,I lo rrequencies of the ^^ 

oi I H.,  even though a. reduced n.agnificaMo,,.    Thus a ra.her simple 

procea, can be uaed to determi„e no. o„ly d.p«. of focua but corner 

frequency in favorable cases.     Figure 3  4 .h 
« i0ure 3. 4 shows a representative set of 

synthetic seismograrps for Hiff«^r,f 
I     ms tor different assumptions using the far-field 

pulse ahaPo Sue8estcd by Brun_e6.    For use .n o.ber „bases o, «U. study 

• mi.««ln. pb,. or several  dred sucb .,«„„, seismosrams .as 

P-pared .. . vcry .„„,„ co.,    cloal,y , ,. ^ ^^^ ^ ^^^ ^ 

P....W. S..uatio„s vitb a „niu- nunaber ot „v„,.y se^o.ra^,  but 

a «cod ..«„.... of oarthqüake parametcrs can ^ ^^ ^^ ^ ^ ^ 

-arse spac.ne oi san.plc p.r.m.t.r..    The Umc o( ^^ ^^ ^ 

'He  r,«. of .„c ovcrsboo. puU. .mpütud. (second „.„ ^ ^ ^ ^^ 

ha» crcl. ».„patude,   and .be eim. of „,. seco,id ^ ^^ ^ 

hasic p.,.a„H..c.rs used .o n.abe an interpre.a.ion.     Fur.ber.norc, 

u« arrival! are BomeUmo« evident af .   ,i cMaem at a glance Irom the com- 
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K= 0.33, WITH 

NEGATIVE 0.2 
ECHO DELAYED 
2 SEC 

h 

-I ECHO AT 13 SEC 

-I ECHO AT II SEC 

-I ECHO AT 9 SEC 

, 

0.6 ECHO AT 9 SEC 

 1 
60 SEC 
WVVSSN  15-75 

w(V'    n  Syn,rhetl' sc^mYa7 r:idC by convolvinS the WWSSN LP  instrument response 
!w    *r     ■  '        J t0 rei,resent   a  versed  pp)   for  differci1t  assJptions 
I'      ''   '  ;'      ;   ^^I^ncy.   and   ttning  and  size  of echo.     The  primary pulse  sh»«   is 

^"■■^'Tt  V1'^   (19r0) :,S f(t)" A e CXP(-2-27 Kt)' -d K l» r-^y pr. ortu^.l t., the corner frequency, which U related to the finite source si.e. 

■MKta 
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a=0.25, 

-0.4 ECHO 

AT 9.0 SEC 

r 

a =0.167, 

-1.0 ECHO 

AT 11.0 SEC 

HKC 

a=0.20, 

0.6 ECHO 

AT 11.0 SEC a = 0.167, 

-1.0 ECHO 

AT 13.0 SEC 

Fig. 
in u^,   Ming   uiKL)   is   shown  ns   an  cxnmnle       nn   Hn-o   O-,J  „^t 

there  appears  to  bo  a  strong  negative  phase  a      bo^t   U T.C AlU^ViT^' 

^ 



- 34 - 

an example of a deep earthquake in the Bdnda Sea with simple pulse 

shapes      In a second earthquake,   Fig.   3.6,  a secondary phase 

apparently opposite in sign to the initial P phase is observed at about 

13 seconds delay.    The phrise is observed on several stations with con- 

sistent timing,   so that it does not appear to be a result of some local 

peculiarity of the travel path.     The interpretation of this phase will not 

he  considered here. 

Conclugiona. 

This first conclusion of this study is the general success of the 

method as applied to standard \VV. SSN long period seismograms   and the 

determination of its range of applicability.    Second is the identification 

of the sources of probable error,   and methods of dealing with them.     Third 

is the rerrgnltioi) of direction! in which to seek improvement of the limiting 

parameters to make the method more generally useful. 

The principal conclusion from the study is that,   given certain 

preconditions    on the events themselves,   it is possible to identify specific 

modulations in earthquake body-wave spectra obtained from digitized 

paper records of WWSSN long period instruments.    In general it is safe 

to say that this can hr done  in the  range of frequencies where the signal- 

to-noisc  ratio is ot the order of  10 or more,   whore noise must be con- 

sidered to urisc both from the earth-inatrument system on the one hand, 

and from the process of digitir.atiu*< on the other.     Taking a  conservative 

but realistic position that the useful frequency range is 0.01 to 0.2 Hz, 

depth as  shallow as 6 or   10 km from sS-S and  10 or   15 km from pP-P, 

- M^^te. 
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dependine r..p.cMv.l, up»» ,!«,„„ lIu. ,„,.,.„ „„„.„„„ ,, ^^^ 

<>' «.l-of-ph».. „„h ,:„■ «,«, ,..v,.c.„ b. d.l„min,d.    Absence „f 

any modulation m.y be USef„l infor.na.u.n,  bu. is no. def.ni.ive by ..self. 

■Sometimes only a single 'hole' can be loca.ed „Uhin .be reliable frequency 

range.    The interpre.aUon of .he spectrum may be aided by a determi- 

na.ion of the focal mechanism of .he ear.hquahe.   pr.ncipally U. de.ermine 

uhe.her ..„ frequency  „ cspocu,d to b# a ma:i.mum        a m.n.mu;n 

Conversely, .he spectral modulat.o,,.   i, de.erm.ned   veil enough,   may 

coMribu.e .o deU.rmi„a.,on of the focal mechan.sm,  by indica.ing .he 

first moUonof various phases emergmg from the .op of .he focal sphere. 

A .ochniquc ,ha. deals wi.h no.sv problems .bout as »ell a. careful analysis 

of the spectra,  and takes advantage of some of .he useful m.egra.mg 

proper.ieS of .he human eye,   is .„ compare a phase on .he original seis- 

mogram wi.h a syn.he.ic pulse gcnera.ed from a pulse and suitably .imed 

«ho of the proper amplitude.    This simple procedure,   vhich by a „a.ura, 

extension includes an csUmation of the corner frequency of the event, 

produces surprisingly good resul.s and migh. „ell become a useful par. 

of rou.ine in.erpreta.ion of seismograms. 

The discussion of the sources ni probable error „ill make i. ap- 

P-en. wh, .his particular technique h.. rarely,   if ever,  been applied in 

the pas,.    Such problems as miero-eismtc noise,   instrumen. problems 

(.uch ..  spurious .rans:..nts,,   and errors ,„ digi.Ui.g papcr „cords  .„ 

well k„„„.n „„d have predtc.ahh. results „„ the spectrum.    More fundamen- 

Ul problen.s ar.se fron, properties „f the earthquake source and ,he ear.h 
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itself.     The must significant manifevtation of the former is the likelihood 

that an "earthquake" may in fact consist of a number of major events 

which can be sorted out only by considerable effort.     In the present study 

of shallow to intermediate depth earthquakr-s in the central /Jeutian 

Islands region,  it appears that events with magnitudes (m^) near 6.0 and 

above arc quite likely to exhibit multiplicity,   whereas for events of perhaps 

one-half magnitude Jess,   multiplicity seems much  rarer.     Of course, if 

multiplicity is the object of -tvitiy,   spectral interpretation techniques can 

easily be applied,  using appropriate caution.    The difficulty presented by 

the Earth itself as a transmitting medium is obvious from consideration 

of a  single seismogram.     From the viewpoint of classical seismology, 

there a: e a number of 'arrivals' visible on a seismogram,   many of which 

can be identified on the basis of classical ray theory,   or as leaking modes 

or surface wave modes.     Unfortunately every wiggle on every seismogram 

has not been accounted for in detail,   so that there may be uncertainty 

about the source of some of the complications visible on a  spectrum.     But 

even avoiding this particular complication,  the presence of other,   well 

known phases on the  record near the one of interest means that the time 

sample used for the Fourier transformation must be of limited length,   and 

it also means that the baseline of the record will be poorly determined. 

Hence the  spectral amplitudes at very low frequencies are not useful as 

a  rule,   and a key point in the interpretation is always the presence of a 

minimum or a maximum  it /oro frequency.     As the time  sample is 

lengthened to include mure and  more ol an umlesired  phase,   the effect 

  ■- ■ 
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can be seen on the spectrum as an increased degree of moduiation of 

its own which eventually may swnmp the modulation that is beu-.g sought 

for Interpretation.    The practical solution to all ol these problems is to 

compare various types of data.     For each record,  a proper sample length 

or  range of sample lengths musi ^     -hosen.   Li order to eliminate spurious 

arrivals and yet have as long a  sample cf data as is practicable,   to improve 

the reliability of the lower frequency ranges of the spectrum.     It is further 

necessary to use as many different phases as possible,   and as many records 

as may be necessary to make  sure the interpretations are consistent and 

reliable. 

.Since the motivation for the use of long-period seismograms in the 

first place was to avoid the complications oi the short-period crustal 

response of the earth,  the only useful extension of the usable frequency 

range to higher frequencies would be in the direction of suppressing the 

microseismic noise of periods near and just below 10 seconds,   since that 

would allow accurate determination of the spcctruins of events of smaller 

magnitude and lesser depth than is  currently the case.    Some improvement 

at the longer period end of the spectrum would presumably result from use 

of instruments of improved stability at periods greater than 100 seconds, 

preferably recorded digitally to bypass the hand digitisation process. 

Clearly the better the Jong period end of the spectrum can be specified, 

the easier it is to determine whether zero is a maximum or minimum,  and 

the more accurately spectrum modulations can be identified.     A case of 

considerable  interest   is that  of 'inderground explosions.     Since nearly 

--■ 
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total dostruoiive tofr/erencc at Um« perun!. re.ult. from th« infrfctenct 

of Hand pp.  ,lu> absou-. 01 .u^l.,r.ti.J energy .u long period, in the l> 

pluKse of ..n evont.   cvon at a  .ingl«  stMion.   «ould bo Indic.tiv* of an 

•xplo.ion or at least .« extremely ■h.Uow evnt.   although tectonic strain 

release could of course negate the converse propositi 
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* ■   y^ofHGLPDiyitai Data for Sl>.d i ^ uf IWJy y ave» ef Earthouakgg 

ajui Explosions in Central Ssia 
G.   Boucher 

The objective of this program is to explore the possibility of ap- 

plying the spectrum modulation techmquos discussed in Section 3,   or 

other techniques that might prove  fruitful, to digital data fron, the High 

Cain Long period Seismograph Network.     This work lä currently in 

7 rogress. 

En principle,   long period body wavaa of a seismic event may be 

expected to contain useful information about source size,   focal mechanism, 

and depth of focus.    In practice there la a lower limit to the magnitude of 

an event lor which long period body waves can be observed,   and in general 

this limit is larger than the lower limit of events for which surface waves 

can be detected,   at least for shallow earthquakes.    However,   because of 

the potential usefulness of the long period body wave information,   it is 

fruitful to determine the  circumstances under which the v.aves can be 

observed,   then to extract the information that is available.     It is neces- 

sary to extend the study to the smallest possible events,   in the context 

of the problem of discrimination of underground nuclea- explosions, 

because discrimination in the current  state of the art becomes less certain 

with decreasing magnitude of event.     There are two theoretical advantages 

inherent in tlu   digital data  from the HGLP network.     First,   the instrument» 

have been designed  lor Increased  lability In the intermediate and long 

period range.    Second,  the digital In.trumenta have wide dynar.ic range 

and the data are convenient for various computer manipulations of the 

■  - 
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■igiMl,  includüin rotation of coordinates,  filtering,  and linear as well 

aa non-linear operation«  ir. the time and frequency domains. 

In the initial stage of this investigation,  the approach may be 

liVened to that of the classical seismologist.     That is,   records from 

various events and stations arc examined to datermine the presence and 

the characteristics of various body phases,   and to characterize the back- 

ground noise.     One of the striking differences between the presumed 

explosions and the small number of earthquake! studied  so  far is their 

grcilly  dilfcrenl  excitation of long  period energy of various types,   using 

the short-period body wave mgnitude ni    (as determined by the PDE 

calculations) as the parameter.     This is ;n accord with previous studies, 

but it is particularly visually striking on HGLP seismograms.     For example, 

an earthquake with mb given as 6. 0 commonly has body wave amplitudes 

10 or more times the background noise amplitude and it is  simple to m< ve 

down the  record aud pick out phase after phase af   predicted by the travel 

tune curves.     A typical explosion,   on the other hand,  with m    given as 
D 

6.0,   is  far less impressive.     In particular phases of the   P type,   including 

multiples and  surface  reflections generally cannot be identified at all on 

the  raw records.     It is  frequently possible,   to identify a  few phases of 

the SV type,   notably S and   PS (or more likely SP) in appropriate distance 

ranges,   but  they are almost  lost in the noise in most cases,   and the 

multitude of phases predicted by th     travel-time curves are generally 

not discernible,    fin attempt to quantify this difference will be made; it 

is  consider.-! to be a  significant body of information to contribute to the 
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problem ot iMrthqiuikti - rxpIoRioniliHfrimination.    The excitation of 

long period uaves of the SV type by explosions is considered rather 

striking,   and will be the subject of a  special commentary. 

The research program to date has bet-n devoted primarily to 

analysis of presumed explosions in Central A^ia.     Earthquakes in the 

general region have also been studied in order to give a broader frame- 

work.     This initial emphasis has necessarily directed the bulk of the 

effort into certain categories,   because of the signal amplitude constraints 

imposed by the existing suite of explosion data.    The largest recent 

explosions within the Soviet Union have been assigned magnitudes ( rn   ) 

of 6. 3 at most.    Such explosions produce rather small body waves on the 

IIGLP instruments (with respect to the background noise levels) and so 

far in this study only surface waves have been observed from explosions 

with magnitudes as  small as  5. 0.     For this reason the thrust of the analysis 

has been in the direction of identifying and comparing different wave 

arrivals in order to establish general familiarity with the character of 

the soismoprams; spectrum analysis and optimized filtering of the  records 

will be the subject of the remainder of the work on the project. 

A constraint upon th« progress of the research which had been 

unexpected at its inception has been the  relatively  small amount cf data 

actually available,   compared with the potential amount.    Some  15 stations 

of the HGLPtypc are now in existence,   but the largest number of stations 

the nuthor has ever seen lor a piven event hn> been 7.    usually the number 

is  substantially Jess  than that,   and data  from some of the  stations have 
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never been seen at all.     The situaUon I. improv^g through the efforts of 

the Albuquerque S*l.mologic.l Center,   which now has  respons.bih.y for 

operation of most of the network,   but their prediction is tha . a good 

quality operation 1. still some t.me in the future.    Instrument malfunctions 

are rather frequent,   and tins further Hmits the comprehensiveness of the 

r> naly ■ Is a 

The fir.l few figure* .re merely examples of data from specific 

events.     They will .how,   still u.ing ^ a. a descriptor,   what can be 

expected for various si.ed events,   both explosions and earthquakes,   at 

vario«. distances.     Table I lists parameters of the events  shown,   together 

With pertinent station data.    In most cases,   the horizontal      components 

have been roughly rotated     into radial and transverse components.     The 

transformation is necessarily rough because the frequency responses 

and nominal magnification, of the NS and EV   components at each station 

are typically different,   and in the „b.cn. e of recent data the reliability 

of the data that are available is not known.    The instruments were treated 

as if the  horizontal components had the same magnification and the same 

frequency response.    Except in one case the results are quite adequate, 

in terms of separation of Love and Rayleigh waves,   and of SH and SV 

type .notion; a  detailed normalization procedure using recent calibration 

data  would naturally be preferable.     Unfortunately the long-period noise 

lev.] at all stations in the network U much higher on .he horizontal 

inatrumen.. than on the vertical in-trumenta.    Evidently .hi. has to do 

P'i—ily with tilt.,  a. .he vortical instrument, are relatively unaffected. 

^^^mmm^mmmm^mmmmmmm^mmm^mmm^^mmmm 
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D«^                   Origin time L.t.            Lon. 

Exploaion« (preaumed_) 

!.   '7/-        0] 26 57.6 49.9N 

04 26 S7.7 49. 8N 

Depth.km     n^/M Location 

Nov. 

Dec.    10.   '72 

r». BE 

78. 0E 

"   n 08.4       50. IN       78. 8E 

"0" 

"0" 

nrirr 

E.   Kazakhstan 

Eartlicjunkes 

>«f.   31.   '72 ,403  16.3       52.3N      95. 4E 

Sep. 4, '72 

Sep. 30, '72 

Note:  "0" and "N 

00  14 10.0       35. 9N       73. 4E 

06 59 59.8       36. 4N       70. 6E 

"N" 

55 

204 

6.2 

5. 7 i 

6. 0 (BRK) 

5. 5/4. 9   RSFSR: 
Sayan Ml. Region 

Tadzhik SSR 

mean assigned depths of 0 and 33 km.   r 

Statistics from Preli 

5. 5 

4- 9 Tadzhik SSR 

espectively. 

tmin«,y Determination of rpi.^-.    National 

Earthquake Information Service. 

■Ma MMM^Maai m^m —Ulli   I        I J 
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Figures 4. 1 and 4.2 are plots of seis n-.ograms for various 

presumed explosions and earJ.quakes,   with phases identified by time 

of arrival and polarization.    These give an idea of the signal-to-noise 

ratios to be expected for various event sizes and types,   and some idea 

of the character of the background noise on the records. 

Figures 4. 3 and 4. 4 concentrate upon the excitation of P and  PP 

waves for earthquakes as rontrasted with explosions,  and the same for 

vertically and horizontally polarized  waves of the S-type.    The principal 

substantive conclusion from this study up to this time is that then only 

useful long-period body waves to be seen from the presumed explosions 

are waves of the SV type,     .id that they probably origirated as S waves 

at or near the source.     This subject will be dealc with below. 

Figure 4. 5 illustrates S- waves from presumed explosions as 

recorded on several instruments.     Even though the signal-to-noise 

ratios are  rather low.  a strung case can be made for the appearance 

of identical wave forms on the various  records.    The wave form as- 

sociated with SV-type waves can be seen to have prograde elliptical 

particle motion in all cases,   with normal dispersion.   Such waves fit the 

definition of the shear-coupled  PL waves described by Oliver and Major () 

and as in the case of earthquakes,  these waves are more prominent on the 

records than the true S phase itself.     It is noteworthy that a phase arriving 

at the time of PS is prominent particularly at distances beyond 90°;  as  S 

is lost in the  shadow of the earth's core.    PS takes the place of S as the 
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princip.il bo'ly phase,  Mgain showing the PL wave character.    If,  as 

s.-rms likely,   Iho phase in actually SP (inilial lorg-pcruxJ P wavci 

being unlikely .is explained previou*ly|,  then \hv energy would nppt-ar 

to be transmitted primarily as P- coupled PL.    /cluülly this question 

is indeterminate at present,   since only circumstantial arguments about 

the generation of S waves are available on the basis of data in hand. 

The last part of this  section is dedicated to a discussion of a 

novel theory of shear-wave energy generation by underground explosions. 

It is an ad-hoc theory developed as a consequence of the observed long- 

period SV energy from presumed explosions.     Many of the predictions of 

the theory are  similar to those of the fheory that S- "aves a'-ise from 

conversion of P waves at inhomogeneities in the vicinity of the explosion. 

A test of the theory is available,   however,   anc this will be a task of the 

immediate future.     The substance of the theoretical argument,   a qualitative 

one only at this point,   follows. 

The argument as originally posed  relates to the fact that the 

'lithostaLic1  stress  state in a  rock medium under gravitational stress 

is not necessarily a hydrostatic stress state.     .An easy way to see this 

is to imagine a  small cylinder of rock.     When the cylinder I« isolated, 

or  free on all sides,   it may be imagined to be in a hydrostatic stress 

state at zero pressure,   neglecting gravity effects within the cylinder. 

Locked-in stresses arc not considered.     Next,   consider this  cylinder 

to be at the  surface of a half space.     If a  uniform overburden is now 

mmrnm* i^M^M ^m^mm Mil    [t MI  n 
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inposed upon the half spnco, t'ne imaginary cylinder will shorten in the 

vertical dirrition. hut it will he pi'evenU-d from freely expniulins: in the 

lateral dirt*ctU>ii by the mirrouiuiiji); iiviiort.il.    it is then clear that the 

cylinder is subjected to .-> lateral »tress .it depth which exceeds the 

overburden (vertical) stress component by the factor v (1-v),   where V 

is  Poisson's  ratio for the material.     If one then subtracts t'ie hydrostatic 

pressure r.qh,   the deviatoric shear stress is of the form shown in figure 

4. oa that is,   ■  shearing   -tress of the order of 3Ü-40('o of the overburden 

stress is likely to be present at depth in the earth even in the absence of 

the so-called "teconic Stress" which has been invoked to explain such 

2, 3 
things as the  Love wave radiation observed from explosions in Nevada   '    . 

This  is not to say that that type of tectonic stress may not be present, 

b ;t  rather that it need not be invoked on an ad hoc,   basis to explain observed 

shear energy.     When the explosion is fired it immediately forms a gas-filled 

cavity several meters to perhaps a hundred meters or more in diameter. 

Naturally the gas cannot support the pre-existing shear stress and the 

surrounding medium must adjust elastically in shear to attain equilibrium 

again.    Actually the adjustment of stress amounts to a collapse in shear of 

the cavity,   but since the 'cavity collapse' has come to denote a quite dif- 

ferent phenomenon in the case of underground explosions,  one which occurs 

at least minutes or hours after explosions,   this deformation will be termed 

''cavity     readjustment".    An originally spherical explosion cavity will 

be transformed to an oblate sphe noidal cavity    with   its   short  axis 

vortical,    consonant   with   the   Uthoslatic   pre-stress.      See 

\ 
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Th. ,1..M<; „.dju^m.« „, ,hc newly cr,a,e(1 ^^^ , ^ ^^^^ 

•".".«In, »...„„..   co f..t„. IS lh., ,„    ,rst motion or p   ^     ^ 

«Ü. .o«rc. in ro„ghl>. vcrtical dir.ctloiii ^ ^ ^^^^^^  to ^^^ 

to those   of tile   exnlosir^r        C0 Ji 
•xplo.ion.    Secondly,   the .ourc« r.gion for the seismic 

r-Utio« from the r.^.tmwt> being the zone of v ho]e ^^ ^^^ 

^e cva,   has elfectiv.  r.aiu.  .t least as Urg. as that üf |h, .^^ 

Cvity due to tHe explo.io« U..U.     Thl.  .ould he exited to affect the 

^-cv.pect^oreHcre.uItin^aC^Uon.    hu.ast.- effects,   .^d.. 

Plastxc or vi.coela.tic effects,   and diffu.ion of 
!«■•• through the fractured 

medium .urroundtog the «plo.ion might dr.g out t 

process,   which would undoubtedly h 

of higher frequencies. 

he compJetion of the 

ave an adverse effect upon the radiation 

ri.«r.  4. 7 .d.cates the Wal n.echan.sn. of the elastic read.ustment 

expressed .n terms of fir.t motion..    As  ment.oned ahove.   the flr.t mot. 

fPwv.. m ne.r.v.aicai direction. .;il b. dil.tational.    Th< ^^ 

»nd the first motion o£ the S- u ^•..«   •>      i 
S   «ave. can al.s,   bo predicted.    From the fi*«,« 

lt caB bc •••« that the initial motion of S will be u. 

for lelesei.mic arrival. 

ion 

ion 

igurc, 

ip and toward the source 

^ »he .«rface  reflection .S would arrive at a 

^«••iami«  .tatior vhh the .ame sense.    Given that th 
uiven tliat the symmetry of the 

■imple problem ihould be cvlindri   -,1    «i     c 
cylindrical, the S motion should be of pure sv 

polariaation.    Althougl   In vertical    r«. 
rtlcal cro.. «cction the mechani.m is of the 

double  couple tvoe     il   ia   >   fi , 
"'■  '"^ » "«"'C of «volution .bou. ,h. ».„id   ,xls.  „hl,h 
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LITHOSTATIC    -     HYDROSTATIC 

/ \ 
i i 
\ / 

BEFORE VAPORIZATION 

FIGURE 6a 

r 
DEVIATORIC 

(SHEAR) 

READJUSTMENT 

FIRST MOTION  DIAGRAM 
(CROSS SECTION) 

FIGURE 6b 
J:iR. 4.6.  A.  Upp0r , art thovi the  iha» m 

stress' by .ubtr.ction oj he h H  POnent ^ ^ '"^««tU 
shows ■   the  coll.pse Tt  c r^ ^'f ,iC  ^r^"^     L— M« 
Produced  instantaneously by the «nLIf        f-1  gaS-filled  cavity 
o«  the  shear modulus withi .    he  c'v  tv1";. " r^POnSe  t0  f-"^ 
-rf.ee   is   shown schematically     17lZul/^  COllaPSe   ^   the   ^ i>,   JL  snould  be  expected. 

»•      First  motion  diacram   '"or  P   ,    .   o     , 
^üUüitmont rhenomanon.    CroL^ S phases of the cavity 
•-''out   the vertical. ' ■'S   ,«,c"on ot a  figure of revolution 

^m^am 
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FREE SURFACE 

NODAL 
CONES 
FORP 

FIRST MOTIONS OF S 
FROM CAVITY 
READJUSTMENT 

S  PHASE 

Fig. 4.7.  Typical ray paths of sS and S phases produced by the cavity 
read justment.  The salient point is that S and sS are in phase 
at most telesuisraic recording stations, in contrast to the case 
of pP and P from both the explosion and cavity readjustment, 
which are out of phase and hence tend to cancel one another at 
long periods.  The spectrum of sS + S should have modulation 
appropriate to the sS - S time with a maximum at zero frequency. 
S + sS should have substantial energy at long periods cs  is cbserved, 
The rosette shows the amplitude distribution for S.  Since the 
clastic cavity readjustment process has cylindrical symr.c try, 
the drawing shows a cross-section of a figure of revolution about 
the vertical axis. 

N 
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predict, that the fir.t motion pattern «ould be a function of distance and 

-' of ...nnu.iK     Furtumtely a dolinitiv* Ion. 01 Ihc prop, od model i. 

•vailable.   since it predicti that the ampütude spectrum of the 'S' phase 

would have a  maximum at «.ro frequency,   and a first minimum at 1/(2 AT   ). 
s 

-here A'l^  is the sS-S time interval appropriate to the depth of the explosion. 

A detailed study of this hypothesis i. a primary goal of future efforts. 

It appears that the project to study long period body waves of 

underground axplo.io»..   has produced some rather intriguing results. 

In particular ,he long period S- wave radiation from explosions,   manifest 

primarily in particle motion of the  PL type (normally dispersed,   prograde 

elliptical.   SV polarized) I. .urpri.ingly prominent.     The meager obser- 

vational data  support a novel theoretical model which includes the elastic 

readjustment in shear of the medium surrounding the explosion cavity, 

without the necea.ity of the type of 'tectonic' pre-.trea« that has been 

invoked in the past.     Predictions of first motion direction and pattern, 

including independence of azimuth,   can be tested and should be valuable 

•ddition« to the suite of techniques  for discrimination of explosions.     On 

the other band.  Jong period body waves can be more easily studied for 

Known earthquakes of substantially smaller magnitude n^.   since they seem 

lo be more  strongly excited by earthquakes.     A  relative excitation criterion 

rcemblina the well known M^n^ criterion appears feasible for long 

no 
b 

period body waves vs  m,    (for example) 

.^^^maammm 
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The  future direction of the  research uilJ be to apply record 

processing techniques to enhance the del ect ibility of the Jong period 

SV body waves of the  PL type,   and to study their spectra. 
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5.    Classification of Asian Esrthouake •es 

R.   Ganse and G.   Lundquist 

Daring the six monthl covered by this  report,   a  seismogram 

digitizing  system and associated computer software have been established 

with which to obtain magnitudes,   focal mechanisms,   and seismic source 

■ pcctra from earthquake  scismogrrms.    Some thirty shallow Asian events 

were  selected  for study in lour areas bounded by 40° - 4 5° N and 70° - 80oE; 

^f1 - 35° N and 91° - %: E,   36° - 38aN and 94. 5n - 97   5° ,   and 50° - 560N and 

IÜ40- 1 H01~. 

Earthquake \'agnitudes. 

Three separate magnitudes are computed from every available 

re. ord of each event.    Surface wave magnitudes.  \l  , are computed from 
s r 

long-period,   vertical records using the International Association of Seis- 

mology and   Physics of the Earth's Inter or (LASPEI) formula. 

, amplitude , 
M       ^"»e.» .   , i 1.66 log..   A t3.3, s 1 CM      period      / 01Ü 

where the amplitude and period are those of the largest wave in the period 

range  i 7 (o 23 seconds.     Long period body wave magnitudes m     are 
B 

computed according to 

, emplituüe  . 
'"B^iO^   period     * 4   Q    ^'  A)' 

where amplitude is mcaaured from peck to baseline on the first half cycle 

«if the P- wave motion on the long-period vertical component aeismogrsms, 

Ban mmm ^mmm^mmm 
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ion Q (h. A) is Cutenbtfrg and Richter'i ivcll-known empirical correcti« 

for digUnc« and depth.    Short period Lody wave imgnitud    i.i, ., n.   M rr^,   is 

by 

\- Log10(    period     1       Q   lh^)- 

using the maximum pcak-to-peak amplitude found in the first 3 | cycles 

of P- v.ave motion on the  short period vertical seismogram.    In addition. 

nib Hn<, N1i3 Hre to be computed for the main phase of any events judged to 

be a  multiple event.     To date,   magnitudes have been computed for about 

one-fourth of the event,  »elected,   and the results are not inconsistent 

with worldwide n^ - M-  relationship».    However,   results are much more 

consistent than othc ■   published magnitude» for the same events,   probably 

due to personal reading of »eiemogram».   and application of a broader 

data base for each event. 

Preliminary b values have been prepared for the areas under study 

using magnitude- published by NEIC.    However,   the number of events is 

too small to make such determinations statistically significant in three 

of the four .t reas. 

Body Wave Focal Mechnni-ms. 

Focal niechaniam»  are determined from   P- wave first motions. 

•nd S- wave polarisation angle».    Some  P- «ave first motions have been 

gathered fron, the ISC  Bulletin,   but primary emphaai»  is placed upon 

readings gathered »pecifically for thi. study.     S- wave horizontal particle 

motion diagram« are constructed for all S waves digitized for spectral 

mmm «■«HteM. 



mipijiSiMMiiMtwjiua.^,   R.IPipiMPimppnpp^W 
■" "■"■'   '■' 

.    istmmmmf^fl'r^'^mim^mi^^r^mm^ii   . n\i iiwrm^mmmmmGI 

- 59 

analysis.    Experience so f.-, r indicatef that one or two 2 ood S-     r.ve 

polarizHtiun .n.les «n be critically important in distir.guithir.'   betv con 

possible P- wave focal mechanism solutions,    A catilogua oi predicted 

P- and S- wave motions for nil possible double-couple sources (provided 

by Mr.   V m.   Dillinger of the  USGS) «ill be used to aid in this part ol the 

study. 

Tentative local mechanisms based on a combined P and S solution 

fur one event and  P solutions  for three other .vents in the area bounded 

by 29° - 350N and 91r - 960E are of consistent strike-slip character.     The 

solution will be refined  using further S- wave data and Russian seismograms 

as available.    One combined   P and S wave focal mechanism in the area 

bounded by 40« - 45° X and  7(V - Sü'E agrees «ith the predominantly thrust 

focal mechanisms with  rc.:ghly north-south compression published by 

Molnar.^t.   al.,   for that area.     Consistent published solutions could not 

be found  for (he other area. 

Seismic Source Spectra. 

Body-wave source spectra  are computed from both short and long 

period \V\\ SSN seismograms.     Seismograms from the USSR network have 

been ordered and spectra will al.o be derived from these.    Raw P- wave 

spectra  are obtained by digiti/.ing and  Fourier-transforming vertical 

component   records.      The S-  wave spectra are computed from the trans- 

verse component of the S-  wave.   ,,s obtained from the N-S and E-W 

components by an axis   rotation. 

m^m 
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Tlu- raw ipoctra nro corroctctl for instrument rosponso '.'o get 

station ground-motion spectra) and then for anela^tic attenuation.    The 

resulting quasi-sourec  spectra will be averaged over eight or more 

stations with good a/.imuthal distribution to give the fintU earthquake 

spectrum.     Seismic moment,   stress drop and fault length will be estimated 

from spectra of sufficient quality. 

Although P- wave source spectra are fairly insensitive to the 

choice of Q,  the locations of the S-  v.ave corner frequencies are highly 

dependent upon the anelastic attenuation model used.     Separate menned 

quasi-source spectra were constructed by applying the attenuation versus 

frequency correctm-s predicted by the velocity model CIT  11  CSZ and Q 

model QM (low Q)Z and CIT  208 (high Q)3 model.    On the basis of com- 

patibility of the  P- and S- wave spectra,   results from four events seem 

to favor the CIT 208 model.     An example of the spectra for the different 

models is shown in Fir".   5. 1. 
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