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I
Technical Report Summary

The data from short—period WWSSN seismograms were used to study

the excitation and attenuation of 1—Hz crustal phases (P, Pg, Sn and

Lg) in southern Asia. The data show that the attenuation in southern

Asis varies laterally, but that in general it is less than in Iran and

the western United States, and greater than in eastern North America and

central Asia. The most severe attenuation occurs In northern India,

northern Pakistan and Afghanistan, where it is comparable to the values

found for Iran and the western United States.

The only crustal phase with a sharp onset for southern Asia

earthquakes is P (or Pn). Thus it will have to be used for locating

earthquakes and explosions. For an m.D 
= 4.0 event this P phase

(vertical component) has a ground amplitude of at least 1 milllmicron

to distances of 3500 km. For purely detection purposes, Pg and Lg will

have larger amplitudes to distances of up to 1000 km, but their amplitudes

become less than those of P and Sn at distances beyond 1000 km in

southern Asia.

The amplitude variations of P with epicentral distance in southern

Asia departs from the standard Gutenberg—Richter relation by as much as

0.5 m.D 
units at distances of 500 tb 2500 km. Thus the Gutenberg—Richter

calibration function should not be used at these distances to determine

rn.0, 
or to estimate yield of explosions.

From recently published Soviet studies It appears that the attenuation

of seismic crustal phases in central Asia is more similar to that in

— 1—
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eastern North America than to that in southern Asia. Thus Lg should

be useful for  detecting low—magnitude events out to distances of 2000

km in the interior ot the USSR. However , Lg cannot be used for

accurate source location , for which one will have to continue to use

arr ival t imes of P.

Methods for inver t ing higher—mode attenuation data in the period

range 4—10 second s are being developed and have been applied successfull y

to Rayleigh wave data in the central United States . The combination

of fundamental— and higher—mode amplitude spec tra make it possible to

simultaneously solve for source dep th and c ru s t a l  Q models.

Higher—mode  data , both  in the  period range 5—10 seconds and at

1 second (Lg) have been combined with fundamental—mode data to yield

new frequency—dependent Q models for eastern North America. A

variation of shear wav e Q with frequency (w) and depth (z) is assumed

such that Q
~ 
(z,w) = C(z )w n where cz is constant . The results ind icate

that the case n 0 (a frequency—Independent Q model) do not explain

the  data  very w e l l .  The best fit to the entire data set for a single

~ value for all periods occurs when z = 0.3. B e t t e r  fits are achieved

when ~t is constant (between 0.0 and 0.2) over the period range 5—40

seconds and attain greater values for shorter periods.

Initial studies of higher modes in Iran and Turkey suggest that

crua tal Q values are very low and tha t intrinsic anelasticity is more

impor tan t than sca ttering of seism ic surface waves in the per iod range

4—1 0 seconds.

—2—
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EXCITATION AND ATTENUATION OF

SHORT—PERIOD CRUSTAL PHASES IN SOUTHERN ASIA

by

Otto W. Nuttli

INTRODUCTION

Earthquakes in Szechwan Province and Tibet, which occur in the

border region separating central from southern Asia, were used to

study the excitation and attenuation of short—period crustal phases

in southern Asia. The region is one of complex geology and rugged

topography, where strong attenuation of short—period crustal phases

and large variations in wave amplitude might be expected. One of

the purposes of this study is to specify the amplitudes of the waves

P (or Pn), Pg, Sn and Lg for an earthquake of a given magnitude as

a function of epicentral distance, and thus to determine which of the

crustal phases is best suited for detection of small—to—intermediate

magnitude seismic events in a particular distance range.

Most of the data for the study came from the WWSSN seismograms

of the stations KBL (Kaboul , Afghanistan), QUE (Ouetta, Pakistan)

and CHG (Chengmai , Thailand) ,  for which we possess a fairly complete

set of records for the years 1971—1972. Also used were data from

SRI (Shiraz, Iran), NIL (Nilore, Pakistan), KOD (Kodaikanal, India)

and SIlL (Shillong, India), for which we have seismograms for selected

events. Additional seismograms have been on order since November

1978, but they have not been delivered as of April 1979. Figure 1

—3—
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shows the location of t he e a r t h q u a k e  ep icen te r s  and of the s t a t i on s

used in the analysis.

METHODS OF’ DATA REDUCTION

All the earthquakes ut ilized in the study were reported in the

Bulletin of the lnternationa l Seismolog ical Centre. The [SC assigned

body—wave magni tude  (rn.0
) values to the earthquakes on the basis of

teleseismic P—wave a m p l i t u d e s , w h i c h  are completely independent of the

data considered in this study .

The amplitudes ot  P t~or Pu), Pg, Sn and Lg were measured on the

vertical—component seismograms , and of Pg, Sn and Lg on the

horizontal—component seismograms as well. Af ter corre ct ion for

instrument magnification the  amplitudes were equalized to those of

an - 5.0 earthquake on the assumption that the logarithm of the

amplitude of these waves .~~t 1—set’ period scales directly as mb.

Horizontal—component amplitude da ta were combined with vert ical—

component data on the basis of previous observations that the

resultant hor izontal Pg amp litude Is approximately equal to that of

the vertical component , and t ha t  the  r e s u l t a n t  h o r i z o n t a l  Lg

amplitude is approximately twice that ot the vertical—component . *
Inasmuch as the relation between the resultant horizontal

and the vertical—component Sn amplitude is unknown, the two components

of the Sn motion were considered separately. -•

In previous studies Nuttli (1973, 1978) presented far—field Lg

amplitude data which could he extrapolated back by theory to 1 km

epicentral distance. Assuming a point—source model of Lg radiation ,

the Lg data for rn.0 
— ~.0 earthquakes in both northeastern America and

Iran extrapolate back to a value of 800 microns at I Ian distance.

— _ — —— — —* -~~-~~~~~~~ • ••- — * - ~~~~~* —— •——-__~ 
- 

~~~~~~~
—.-

~~

-
_~



=

~~~~~~~~~
.-

This number should not he taken as a measure of the Lg~ v er t i c a l -

component ground mot i on at 1 km distance f o r  I—sec period waves,

but rather as a source—related value which can be used to estimate

Lg ground motion at distances of 50 km and greater . This can be done

by using a theoretical equation for the attenuation of Lg surface

waves , taking account of geometrical spreading , d ispersion and

anelastic attenuation or absorption.

From the observation tha t the extrapolation of the Lg data to

1 km is independent of source reg ion , it becomes possible to

estimate the average value of the absorption coefficient between the

epicenter and station from a single amplitude value . Using a

family of curves with absorption toeff ~ cient as parameter , the

average value of the absorption coefficient for a path from the

epicenter to the station can be estimated by plotting the equalized

amplitude (to rn.0 
— .0) versus ep icentral distance and observing the

curve , corresponding to a particular value of the absorption

c o e f f i c i e n t , on whic h the data point falls.

The amp litude variation of Pu and P waves at distances of

about 500 to 3500 km does not f o l l o w  a simple law , but  ra ther

depends on the velocity variation with depth in the  upper m a n t l e

to depths of about 1000 km. Because no simple theoretical or

empirical equation can be found to describe the amplitude behavior

at these distances , the amp litude data were averaged over a 250

km distance interval and a smooth curve was drawn through the

average values to descr ibe the v ar i a ri on  of amp litude with distance.

— (-4 —



The amp litudes ot Pg and Sn are  observed ~~~~~~ e.u~e mono—

t o n i c a l ly  w i t h  e p i cen t r a l  d i s t a n ~ e. R .ithet than a t t e m p t  to fit

these da ta  w i t h  theo re t  i c a l  curves , i t  I s  customary t. ’ t i t  them w i t h

e m p i r i c a l  s t r a i gh t — l i n t ’  curve ’s on a p lot ot t he ’ l o g a r i t h m  ot t h e

a m p l i t u d e  versus the  logarithm ot  the eptcent r a l  d i s t a n ce . The

slopes of the curves  .41 e’ measures  of the at t t’nua t t o n o t Pg and Sn ,

and the  In t e r c e p t s  a measure ot t h e ’ source cxc t t i 4 t ion t or an

15
.0 

— 5.0 event.

For some’ p a t h s  in southern As i.r , I—sec per ted L .g wav~’s could

t~~t be observed on the  se’ismegrams , but  waves ot period 1. 5 to

sec could he’ see’tt . Lu such cases the’ a m p l i t u d e s  ot the’ longer

period waves were reduced t o  those ot 1—se ’c per iod waves by assuming

that the ’ Lg spec t rum had .~ slope’ of .‘ t or per teds o t I to  I sec

Thus the amplitude’ ot a 1 .5 sec per iod wave was d i v i d e d  by 
~~~. I ,

ot a .‘— s’c period wave’ 1w ...0 and ot a 1—set~ period wave by 9 .

to reduce the’ a m p l i t u d e s  t o those o t I — sec period waves . rh is

procedure’ can he’ j u s t  I t  t ed  t h e  corner  per led t or l.g waves fr o m

ea rthquakes o t — ~‘ .1) Is  g r e a t  e’ F t han or equa l t o  ~ sec . For

car t  hquakes for whi ~~ both I — sec and 1 enger pe r iod  Lg waves

could  be observed , the’ r t ’duc i’d amp lit tIes e s o t t he  longer per led

waves were found to he’ approximate lv  e’qua 1 to the observed amp 1 it udes

of the’ 1— sec period wave’s, ~ustitv ing the asaumption .
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AMPLITUDES OF Pu AND P WAVES

Figure 2 shows the logarithm of the vertical component of

Pn and P waves plotted as a function of epicentral distance. Also

shown on the curve are the logar thmic  average of the amplitude for

250 kin intervals (dashed horizontal lines) and a smooth curve

drawn through the average values. The smooth curve can be taken to

represent the average amp litude of Pu and P (vertical component)

in southern Asia for an 1% — 5.0 earthquake. The scatter in the

data is appreciable , amounting to as much as ~0.5 nib units over

most of the distance interval of 500 to 3500 km.

Figure 3 compares the average amplitude curve of Figure 2 for

southern Asia with the Gutenberg—Richter (1956) amp litude curve ,

obtained f rom their body—wave magnitude calibration function , and

with amplitude—distance data equalized to rn,0 — 5.0 obtained by

Nuttli (1971) from a study of the amplitudes of P waves from nuclear

explosions. At distances of 500 to 2300 km the Gutenberg—Richter

curve differs appreciab ly from the curve obtained for ~outhern Asia .

At distances of 2300—3500 km the differences are smaller , but the

Gutenberg—Richter curve on the average tends to have amplitudes about

0.2 to 0.3 tm
b 

units larger. The nuc lear explosion data , on the

other hand , agree remarkably well with the southern Asia data at

distances of 1950 to 3150 kin , and differ by no more than 0,2 rn.0

units at distances of 3150 to 3500 kin.

Figure 4 presents the P—wave amp litude deviations , in

units , for earthquakes in Tibet and the surrounding regions. The

number in parenthesis is the number of earthquakes used to obtain

—8—
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FIgure 2. Amplitudes of vertical-component, i-sec period P-wave motion
equalized to an m~ = 5.0 earthquake. The dashed lines are logarithmic
averages of the amplitude data over 250-km intervals. The solid-line
curve is a smoothed curve drawn through the average values.
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Figure 3. Amplitude curves for vertical-component , 1-sec period P-wave
notion equalized to an mb = 5.0 earthquake. Ilote the large departures
between the Gutenberg-HIchter (1956 ) curv e and that obtained from the
data for southern Asia. The nuclear explosion curv e is from Nuttli (197 1).
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the average ampli tude deviat ion.  A posit ive value of the ampl i tude

devia t ion  ind icates that  the observed ampli tudes are greater  than

expected , and a negative value tha t  the observed ampli tudes are

smaller than expected . The f igure  shows that  NIL haø amplitudes

2.0 tIme s (0.3 mb un i t s )  larger than expected , and K BL has amp l i t udes

1. t imes (0.1 in~ uni t)  larger than expected . On the other hand , 
S

observed ampl i tudes  at SHI and QUE are 0.63 of the expected value,

and KOD and CRC 0.50 of the expected value . Figure 5 presents

S similar data for Szechwan earthquakes, for which the observed

amplitudes at CRC and QUE are 1.3 t imes, at NIL 2 . 0  t ime s and at

KBL 0.79 times the expected value for an tub 
— 5.0 earthquake.

AMPLiTUDES OF Pg WAVES

• Figure 6 presents the amplitude data for the vertica l component

of the Pg ground motion for southern Asia equalized to nib — 5.0.

The solid—line curve has a slope of —3 .5, indicating a fairly rapid

decroase’ of amplitude with distance. By comparison , the slope of

Pg fo r I ranian earthquakes r ecorded in Iran is —5 .35 (NuttlI , 1978) at

dist ances of 700 to 1200 km. For the eastern Uni ted  S ta tes

Evernden (1967)  found a slope of —3 . 42 , a l most i d e n t i ca l  to the

—1.5 found for southern Asia in this study . Evernden ’s Pg amp litud e

values for the western United States are nearly identical to those

S fo und for  southern Asia. The Iranian Pg amplitudes a r e abou t t w ice

as large at 500 km epicentral distance , and become equal to the

western Uni ted  States and southern Aø ia at 1000 km. At larger

d is ta nces the Iran ian  Pg amp l I t udes decrease much more rap id ly .

— 1 •2—
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AMPLITUDES OF Sn WAVES

S Figure 7 presents the amplitude data for the horizontal

component ot 1—sec period Sn waves for southern Asia equalized t o

rn.0 
— ~‘.0. At distances of 750 to 900 km the average curve is

practica lly identical to that given by Nuttli (1978) for~ Iranian

earthquakes recorded In Iran. However , at distances beyone 900

km the I ranian curve has a steeper slope , indicating a higher

a t t enua t ion  in Iran at the larger distances. The slope of the

southern Asia curve is — 3 . 1 , wheras for  Iran it was found to be

—4. 15.

Figu re 8 presents the amp l i tude  data fo r the ve r t i ca l  component

of I—sec period Sn waves for southern Asia equalized to tu
b 

— 5.0

Although one would expect the average curve to have the same slope

as fo r the horizontal Sn data , the slope of the  vertical—component

curve is smaller , name ly —2 .2. The d i f f e r e n c e s  in slope resu l t

princ ipally from differences In amplitude at distances less than

1000 1cm, for which there are few data points .

AMPLITUDES OF 1.g WAVES

Figure 9 presents attenuation curves for the vertic al component

of 1—sec period Lg waves for an — 5.0 earthquake . The parameter

is the absorption coefficient , whi.~h is allowed t o  vary from 0.015

to 0.0006 km~~, a range which spans the observed values for short

period (0.1 to !.0 sec) ig waves in various geological regions. I f

extended back to 1 km al l of the curves would Indicate a ground

amplit~ide of 800 microns, which can be considered as the near—field

— l’~i-.
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or source e x t r a p o l a t i o n  ot the t a r — f i e l d  da ta .  In prac t ice , however ,

the ¼’urves should not be used a t  d (stances less than abou t 50 km to

est [mate ground mot ton , because 1—sec period I.g waves may not

completely develop at shor ter  epicentral distances. The curves of

Figure 8 satistv the relation S

S ~~~ — 2.0855 (sin A ’~~ (\ 3 exp(— ~~~ .‘

where A is in microns and • \ is in r adians , except t ha t  i t  is

customary to express •\ in the  exponent in k i lomete r s , and corresponding ly

)‘ in km~~ . The number 2 .08~ 5 was chosen to satisfy the f.-ir—field

~la t a o I l•g—wave amp lit ~tdes in both northeast em America and in I ran ,

where the far—field data In each case extrapolate back to a value of

800 microns at 1 km epicentral distance .

Figure 9 was used to e s t i mat e  the average va lue  of the Lg

abso rp t ion  c o e f f i c i e n t  for  the patti between a specific epicenter and

a specific station . The amp l i tude , equa l ized  to an ni
b 

— ~‘.0 earth—

quake , was p l o t t e d  as a f u n c t i o n  of epicentral distance on Figure 9,

and the appropriate value of the  ~-oef I Ic ien t of absorption was read

from the curves. The results of such analysis are shown in Figure

10. From that I. igure  i t  can he seen that the  larges t  va lues  fo r  the

coefficient of absorption occ ur for pa ths between western Tibet and

KBL , QUE , and N I L .  The l owest values  of ohsorpt  ion occur for paths

from east em Tibet and nor thea stern I nd I a to NIL , KOP and KilL. By

way ot comparison , the average value of the absorpt ion c o e f f i c i e n t

for I —sec l •g waves in I ran was 0.0045 km~~ (Nut  t ii , 1 97 81 . Absorpt ion

lot  paths across the In d ia n shield  is low . hut gr eater  ( 0 .OOI S to

0.0020 km~~ ) than for  n or t h e a s t e r n  Americ a  (0.0006 km~~).

Surpris ingly , pat hs from eastern Tibet and Szechuan across the

_ _ _ _ _  -— 5— -- S ~~~~~~~~~~
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Himalayas to Nil5 show relatively small values b r  the absorption

c o e f f i c ien t , namely 0.0020 to 0.0025 kin ’, which is signiti cantly 5 5

lower than that observed for Iran and icr the western United States.

Figure 11 presents the vertical—component Lg amplitudes for

all the paths in southern Asia. The solid—line curve is a theoretical

curve with absorption coettic ient equa l to 0.0025 km 1
. If the curve

is extrapolated back to 1 km it gives an ampl i tud e of 800 microns ,

s imi lar  to tha t fo und f o r  Iran  and northeastern America. Thus it

appears that the source excitation of I—sec Lg waves is Independent

of source region for earthquakes with foc i in the crust , i.e., if S

their m0
1 s as determined by teleseismic P waves are equal , their

extrapolated Lg amplitudes at I kin epicentral distance will be

equal.

AMPLITUDE OF CRUSTAL PHASES AS A 
•

FUNCTION OF EPICENTRA L DISTANCE

For the determination of the detec t ion capabilit y of a seismograph

network it is necessary to know which seismic phases will have the

largest amplitude at a specific epicentmal distance. Figure 12

presents this information in graphical form , by means of stick

seismograms. In the figure the amplitudes of the vertical component

of P , Pg, Sn and Lg are p l o t t e d  on a linear amplitude scale for

distances of 500, 1000 and 2000 km. At 500 km distance in ~~uthern

Asia Pg is the largest amplitude phase, and Lg is also comparatively

la rge . P and Sn are small , of the order of 0.1 microns . (For an

in.
1, 

— 4 .0 event , P and Sn would have ampl i tudes  of about 10 mu l l imic rons
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theoretical surface-wave attenuation curv e in the time domain for an
absorption coefficient of 0.0025 knr 1.
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Figure 12. Stick seismograms showing the amplitudes of the S

vertical-component, 1-sec period ground motionfor the crusta l
phases In southern Asia .
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at 500 kin distance.) At 1000 km all four phases have about equal

amplitudes , of the order o f 100 m i l l i m i c r o n s  for  an rn.1, 5.0 event.

At 2000 km distance the effects of absorption on Pg and Sg are

sevore , so that their amplitudes are only about one—tenth those of

P and Sn. 
S

In sulmuary, Pg and Lg have the potential for detecting smaller

events than P and Sn can detect for distances up to about 1000 kin, but

at the larger distances the phases P and Sn provide the best detection .

For location of events , P (or Pn) is always the bes t phase to use, 
S

because it is the only phase with a sharp pnset whose arrival time

can be measured to a tenth of a second .

COMP ARISON TO AMPLITUDES OF CRUSTAL

PHASES RECORDED IN CENTRAL ASIA

Antonova et al (1978) gave spectral amplitude data for

earthquakes in four source regions recorded at the station Talgar ,

wh ich is near Alma Ata in southeastern Kazakh , central Asia. From

the ir Figures 18, 20 , 22 and 2 3
, which are attenuation curves for S

am p l i t u d e — t o — p e r i o d  ra t ios  of P , Pg, S and Lg for  f requencies of

0.35 to 11 Hz, equalized to a magni tude 5.0 event , one can construc t

s t i ck  seismograms similar  to those of Figure 12 . Figu re 13 shows

such seismograms for I—Hz waves for earthquake source regions to the

northeast , to the east , to the south and ~o the west of Talgar . In

general at distances of 500 and 1000 km the seismograms are similar

in amplitude and character to those recorded in southern Asia , except

that the Lg waves for earthquakes to the northeast of Taigar (epicenters
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in Zaysan , Altag, Sayan , Pribay kalye and Trans—Baykal) are much S

larger, of the character of what one would expect for paths crossing

a shield region, even though the region in question would be S

classified as tectonic rather than shield. At 2000 km the P waves

f or all four directions to Talgar are two to three times larger than

for southern Asia , and again for earthquakes to the northeast the S

Lg amplitudes are about two orders of magnitude greater than those

observed for southern Asia. Even for sources to the east (northeast

China and Mongolia), to the south (Pakistan , Nepal and India), and

to the west (South Tyan ’ Shan ’ , Pamir , Tadzhik , Kopet—Dag , tran and

Caucasus) the Lg amplitudes at 2000 km are two to five times those

5 observed in southern Asia. From Figure 9 this would indicate that

the coefficient of absorption of 1—sec period Lg waves to the

northeast of Talgar is 0.0006 km ’ (similar to that of eastern North

America), to the east is 0.0015 kin 1
, to the south is 0.002 and

to the west is 0.0012 krn~~.

CONCLUSIONS

In general, crustal phases propagating across southern Asia are

attenuated more than in eastern North America and in central Asia,

but less than in the western United States and in Iran. Only in

northern India, northern Pakistan and Afghanistan is the attenuation 
S

as severe as it is in the western United States and Iran.

P (or Pn) is the best—suited wave to locate earthquakes in

southern Asia, because it is the only crustal phase with a sharp

onset. It will have amplitudes of at least one millimicron to

—26—
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distances as large as 3500 km for an m1, 
— 4.0 event. F~ r detection

purposes , Pg and Lg will have larger amplitudes than P for distances S

to (000 km. Beyond 1000 km P and Sn have the largest amplitudes.

The P amplitudes for southern Asian earthquakes depart by as

much as 0.5 
~
1
b 

units or greater from the Gutenberg—Richter (1956)

amp litudes at distances ot 500 to 2500 km. Thus at these distances

the Gutenberg—Ri chter calibration func tion should not be used to

determine mb of southern Asia earthquakes. The nuclear explosion data

given by Nuttlt (1971) provide a close fit to the southern Asia data ,

but unfortunately the explosion data curve only begins at 2200 km

distance.

From data given by Antonova et al (1978) the attenuation of

S 1—sec period Lg waves for earthquakes in Baykal recorded at Talgar

(43°N, 78°E) is similar to that in eastern North America , even though

the former is for a path across a tectonic region just north of

Mongolia. If a broad generalization can be made from this one data

set, one might expect that similar small values of Lg attenuation

would be found In the Russian platform and the non—tectonic Siberian

interior. Thus Lg could well have the potential for detecting events

S of magnitude even less than 4 out to distances of 2000 km in the

interior of the USSR , although Lg could not be used to accurately

loca te such events.
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De termina t ion of Q models from Surface Wave Spec tra

by

Chiung—chuan Cheng

The determination of Q structure from surface wave spectra of

a sing le seismogram (our previous reports) requires the source

mechanism as well as the focal depth be known. These are not always

known as precisely as we would like . However, Tsn i and Aki (1970)

investigated variations of the surface wave amplitude spectrum which were

due to uncertaint ies of these factors and concluded that effects

caused by factors other than the focal depth were relatively small.

We have made further comparisons between the nature of spectral

variations caused by varying focal depth and that by varying Q

structures.

A stochastic inversion scheme is applied to obtain Q from

S surface wave spectra.
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The effec t ot focal depth and Q structure on S

surface wave spectra

The Ray leigh or Love wave spectral amplitude of a certain

mode at a certain period is assumed to be

y — y0e ’
~ (1)

where v0 is computed amplitude without attenuation.

The effec t of focal depth is present in y0 through a multipli-

cation factor , the excitation coefficient , which In turn is the source

spectral amplitude multi plied by a very complicated function of the

focal depth and the source mechanism.

The wave ampl i tude  decreases exponentially with the product of

the attenuation coefficient y and the epicentral distance R. For a

layered earth model , the Rayleigh wave attenuation coefficient is

related to the compressional— and shear—wave velocities , a and ~~
, 

S

S and the assoc iated quality factors, 
~a 

and Q8 (Anderson et al., 1965;

Mitchell , 1975).

ii N I~~~ -l N f~ .a�~\
— T[~~~~~T ~a1~) wp~ Q~~ +~~~~~i ~~ / ~pci 

Q~ J (2)

The complexity ot~ the way surface wave spectrum varies with  the

S focal depth is Illustra ted in figures 1 and 2. The contours show the

values of log y. The source is assumed to be a 450 t h rus t  f a u l t  having

a seismic moment of 1.0 x io
24 

dyne—cm. The epicentral distance is

[000 kin, and the station is located at an azimuth of 450 from the source.

A Q model which has Q
~ values of 250 from the surface to a depth of

17 kin, 2000 at all greater depths, and a Q~ being twice Q~ everywhere

-10-
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(Hernnann and M i t c h e l l , 1975) is used . Figure  1 shows the  r e s u l t  of

the fundam en tal mode , and f i g ur e 2 the first higher mode Rayleigh

wave. The genera l feature shows tha t the energy lobes migrate to

the longer periods as the focal depth increases. Nevertheless, their

relative heights vary. 
S

Figure 3 shows the effect of varying the Q values in the upper

layer. The same source is assumed and is f ixed  at  a depth  of 10

km. The contours show log y for the fundamental mode Rayleigh wave.

From equation (1), it is seen that log y is a function linear in the

varying Q values. A straight l ine drawn for constant period in the

figure will intersect the contours with equi—intervals , showing a

constant slope for log y to decrease with increasing Q~
’.

Stochastic inversion of surface wave spectra

An observed spectral amplitude z is in general different from

the theoretical amp litude y computed from equation (1), wIth presumed

- seismic moment and Q model. To lit y and z, the seismic moment and

Q model have to be adjusted .

Assuming that values arc twice tha t ~ t’ everywhere, from

equations (1) and (2),

S 

-~~~ E [½(4~~~-) ~ + ( )  
~
] AQ~~ + RC

— Q n y — .Qnz

where L\Q~~~ is the adjustment for Q
~~ 

in each layer of the model 3 and

the seismic moment is adjusted to by multiplied by exp (—RC) .
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F i t t i n g  v and z over a l l  the  period s and modes ~~1 available S

dat a po in t s  y ie lds  a sys t em ot equations , which can he written as

Ax — b

where x is the vector to be solved ,

x — (AQ~ 1, ~~~~ ~~~~ ... AQ
81~
, C)T.

W i t h  the t r ansformations (Wi ggIns , 1972) tha t

A ’ _ S ½ A W ½

- F

— S ’
~ b

~~e matrix equation can be rewritten as

A ’x ’ — h ’

W and S are assumed to he diagona l mat r i c e s .  The s tochas t ic  inversion

is applied to solve for x ’.

x ’ — (A~
TA~ + o 1 )

1 A , Th,

Thus,

x - (W~ A
T 
S ’ A + ~~~1)~~ W~~ AT S~~ h ( I )

This inversion scheme vt e l d s  an estimate of x that minimi zes

— (A’ ’ — h~ )T ( A ’ ’  — h’) + ~2

- (S~~ Ax - S~~ b)
T 
(S~~ Ax - S~~ h) +

¼ (W~~x) T (W\)

The in t roduct i on  of S enables us to add we ight s to the observations.

S comb I nat  ton Of 0 and W prov Id e’5 a measure’ ot how t r cclv each of the

parameters can deviate from its presumed value.

Spectral comparison t ot- vertical component Rayleigh waves from

the southeastern Missouri earthquake of October 21 , 1965 (Mitchell , 1973;

— 12—
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Herrmann , 1974) recorded at ~~S was made with a two—lav~’r Q model (our

prev ious report). A discrepancy could he noticed for the fundamental

mode spectrum at short periods (figure 4), so the observed data set has

been inverted using equation (3) in a hope to improve the l it. The

starting Q model is the same as the one used in spectral comparisons

before. However, the upper layer , which was 17 km thick and had

values ot 250 , Is d i vided into a layer  of 7 km over lying another of

10 kin; and a layer of 50 Ian is added to the top of the ha l f—space ,

which had a Q~ 
of 2000.

The resulting model is shown In table 1 . h L’om par I son of

observed and theoret teal spectra appears In i i gure 5.

Di scuss ion

The way in which the surface wave spec trum varies with the focal

depth is different from the way it varies wi th the Q model , and is

much more comp licated . Attempts to invert surface wave spectra to

obtain the focal depth and Q model simultaneously is Impractical

compared to that to obtain the Q model only, because of its non—

l i n e a r i ty  and large computer t ime consumption . Even if the focal

depth is not well determined in advance, the Q model can still be

obtained by inverting with several presumed focal depths. An adequate

fit between the theoretical and observationa l spectra occurs with the

proper focal depth. Analyses of several sets of spectral data using

this method are in progress.
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Figure 1. Contours showing the fundamental mode
Rayleigh wave logarithmic spectrum for
various focal depths.
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Rayleig h wave logarithmic spectrum for
var ious  foca l  dep ths .
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Figure 3. Contours for  the fundamental mode Rayleigh
wave logarithmic spectrum attenuated with S

a two—l ayer model which has various Q 8 values
in the upper layer.
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amplitude spectra, based on a two—layer Q
model.

—39—

S 
~~~~~~~ — - S --~~~ - - S- S S-~~~~~~~~~~ —- —



—,

MOS Z 21 OCT 6510 2~

L) 
~
. + o o ++ \ 0

1 1~~~~~~
-

a o
0 0
0 0

0

1 0 ~~ •~~~~ ‘ ‘ r ,  . ~~
‘
~

‘ ~~~~~~~ 

. S~SJ 210 0 
10 1 

10
PERIOD (SEC)

Figure 5. Compari~.on of theoretical and observational
amplitude spectra , based on the four—layerQ model obtnin~d from inversion . 

- - 5 S 1~~~~~~~ -5S ~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- -~~~~~~~ --- - -- S . S -S - S S



Source Studies of Some Eurasian Earthquakes

by

Ilui—Yuin Wen Wang

in the last semi—annual report , we mentioned that in order to

know the source time functions of the earthquakes, several determinations

should be made for  comparing syn the t ic  seismograms wi th  observed ones:

( 1) source veloc i ty model; (2)  receiver  ve loc i t y  model; (3) seismic

wave attenuation data ; (4) fault plane solution; (5) focal depth;

(6) seismic moment. Espec ially the seismic velocity model and

attenuation coefficients are the two most important effects on

synthetic seismograms. In this study, surface waves generated by 22

earthquakes which occurred in the Tibetan Plateau and/or on the Tibetan

border were used to analyze the crustal structure across Tibet.

Geologic , sesimic , and gravity data imply that the current

tectonic activity in Asia is the consequence of continental collision

between India and Eurasia. East—west trending strike—slip faults are

most observed in China. Movements on them may allow material lying

between the stable portions of the Ind ian and Eurasian plates to move

laterally out of the way of these two plates. The Tibetan Plateau has

a unique topographic feature of high altitude , which is not a direc t

result of the continental collision hut of uplift during northerly

underthrusting of the Indian subcontinent along the deep crustal

fracture. This led to an approx imate doubling of crustal thickness

under the Tibetan Plateau (Molnar & Tapponmier , 1975; Powell & Conaghan ,

—41—
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1973). Santo (1965), Gupta & Naraub (1967), Chen & MolAar (1975), and

Chun & Yoshit (1977) analyzed the dispersion of the fundamental Rayleigh

waves and found that the crustal thiekne~s In Tibet was 65 to 70 lan.

Table 1 gives the events which are used in the study . The paths S

of use in the construction of the Tibetan velocity model are obtained by

se lec t ing  those which  are largely confined to the Tibetan region.

Therefore, the surface’ waves to stations as KBL , QUE , NIL , NDI, and SHL

have been digitized and proceed by the multiple—filter method (Dziewonski

et al., 1 969). Thirty paths are analyzed to obtain the group velocities

of fundamental—mode Rayleig h waves in the 6—60 second period range.

The averaged values and standard dev iations arc given In Table 2. The

crustal structure was perturbed by trial and error until the theoretical

dispersion curve best matched the observed data. First , we tried Chun

& Yoshli (1977)’s TP—4 model. Their curve (triangular sign in Figu r e 1)

is a quite good fit to our data (solid line) for periods smaller than

~3O seconds, whereas the group velocities are relatively lower at longer

S 

periods. Also TP—4 possesses a trough which is somewhat broader and

shifted in period when compared with our data , which have a minimum

value centered at 30 seconds. Chun & Yoshli’s model is characterized

by a crust ~ t abou t 70 ian in thickness with low shear velocities and

S the upper mantle velocit y Is low with shear velocity of about 4.45 km/sec.

The parameters of the TP—4 model are given in Table 3. By Increasing

the shear velocity ot the tower crust to 3.81 km/sec (named model A in

Table 3), thIs new model indicated by crosses in Figure 1 shows the best

fit to the observed data at longer per iods. it tends to possess slightly

lover velocity values for periods smaller than 30 seconds, the largest

—42—
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di f f e rence being 0.02 km/sec . Such d i f f e r ences  are negligib le and

cannot be resolved within the accuracy limits of the observed data.

Because the seismic stations we chose are near to the Tibetan

region, the struc ture complexities may not affect the surface waves

greatly. It is not unreasonable to use the same velocity model for

the receiver crust and upper mantle structure.

Dete rmi na t ion of attenuation coefficients for paths across Eurasia

is very difficult because the paths between sources and stations usually

cross more than one tectonic province. Yacoub & Mitchell (1977)

divided Eurasia into two regions, one considered to be relatively stable

and the other considered to be tectonic in nature. By employing

Mitchell’s method (1975) to fit observed to theoretical amplitudes by

S 
least squares for determining Rayleigh—wave fundamental—mode attenuation

coefficients , Yacoub & Mitchell (1977) tested four Eurasian earthquakes

and found that the tectonic regions exhibit higher attenuation than

the stable regions in the period range below about 20 sec, whereas in

the period range above 20 sec, no clear difference can be observed for

the two regions. We can take their tectonic attenua tion data and

apply inversion theory (Backus & Gilbert , 1970) to obtain models of

Q~~ 
as a function of depth beneath Tibetan region. After Q

f3
1 models

are available, theoretical surface wave attenuation coefficient values

for all modes can be computed by using the formula of Anderson et a1

(1965).

The collection of 70 mm film chips of WWSSN stations at the

department is not complete enough to allow us to make fault plane

solution and focal depth determination for any one of the Tibetan

earthquakes listed in Table 1. Therefore we used ISC data and plotted
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the I ir~.t P—wave motions on a lower focal sphere. The1 most likely

solutions are shown in Figure 2. They are all equivalent to a

combination of reverse and strike—slip faulting, with one nodel plane

dipping east—west and the other north—south. The T—axis trends southwest.

Discussion

Moluer et al, (1973) showed that the strike directions of most

earthquakes in Tibet trend either north—south or east—west with a

northeast trend of the P—axis. They are normal faulting with an

easttwest 1—axis whiebmay reflect east—west flow of material in the

lower crust and upper mantle beneath Tibet to compensate for the

pressure imposed by the plate motion. The apparent contradiction we

found, that the Tibetan is under compression, may be resolved by

observing more data by ourselves. We are planning to make a trip to

the National Geophysical Data Center in Boulder in May. 
S

As Figure 1 shows, although the velocity model we computed

has a relatively higher group velocity at longer periods as compared

with TP—4, the latter data are still within our confidence limits.
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Table 3.

Tibetan velocity model

thickness P velocity S velocity density
model (km ) ( Ion/see) (km/see) (g/cm 3 )
TP—4 3.50 4.50 2 .60 2.40

8.50 5.98 3.45 2.80
16.00 5.98 3.42 2.80 r
10.00 5.80 3.37 2.75 5

30.00 6.30 3.64 2.90
7.70 4.45 3.30

A 3.50 4.50 2.60 2.40
8.50 5.98 3.45 2.80

16.00 5.98 3.42 2.80
10.00 5.80 3.37 2.75
30.00 6.60 3.81 2.90

7.70 4.45 3.30
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Frequency Dependence of in the

Continental Crust

by

Brian J. Mitchell

Introduction

Inversions of surface wave attenuation data to obtain internal

friction (Q~
’) models of the crust and upper mantle usually assume that

the degree of frequency dependence of Q~ is sm a ll enough to be ignored.

• Most Q
~
1 models of the continental crust and upper mantle (e.g. Mitchell ,

1973b; Lee and Solomon , 1975; Herrmann and Mitchell , 1975; Mitchell , 1975)

are consequently dependent upon the assumpt ion that is ind ependen t

of frequency. The purpose of this report will be to combine higher and

fundamental modes to test the appropriateness of the frequency—independenc e

assumption in the inversion of seismic surface wave attenuation data.

The phase Lg is often the largest phase on short—period seismograms

recorded at regional distances. In the frequency band 10 Hz to about

2 seconds, Lg consists of a superposition of numerous higher—mode

Rayleigh waves (Knopoff et al., 1973). At longer periods (about 4—

10 s), it is often possible to isolate one or two higher modes. If

the nature of the frequency dependence of Q~ can be established, then

it should be possible to predict the attenuation of high—frequency

(1 Hz) Lg waves from longer—period higher—mode data, and vice versa.

—58—

I.’.5-_ _ _ _ _ _ _ _ _ _ _  
_ _  

_ _ _—S S S _ __SS~~S - ~~~~~~~~~~~~~~~~~~~~~ 
__5~_~/55_~5_5 5 5- S — S 

~~~~~~~~~~~~~~~~~~~~~ __•_~__S SS_ ~SS__~5_ ~_ SS~~~~~~~~~ S S S~S 5_S5.___*_ ~~~~~~



_ _ _ _  

-
~~

Data

The most extensive set of surface wave attenuation data at

intermediate periods in continental regions has been obtained in eastern

North America (Herrmann and Mitchell , 1975) . The only higher mode

attenuation data in the period range 4—10 seconds have also been

obtained for that region (Mitchell, 1973a; Nerrmann, 1973). Fundamental—

mode attenuation data in the period range 4—40 s will be combined with

data at a period of 0.4 s (Kurz and Redpath, 1968) to obtain new Q ’

models of the crust in eastern North America. The models which are

obtained are then used to calculate higher—mode attenuation coefficients

for comparison with the observed attenuation coefficients of the higher

modes between 4 and 10 s and with the observed attenuation coefficients

for Lg at shorter periods in eastern North America (Nuttli , 1973;

Street, 1976; Bollinger, 1979; Pomeroy, 1977; Nuttli and Dwyer, 1978).

The details of the method are described below.

Procedure and Results

The amplitude of particle motion of the higher Rayleigh modes,

even at relatively short periods, is significant to large depths in

the crust (Figure 1). Amplitudes ~f the higher modes, for this reason,

can be compared to those of the fundamental mode to investigate the

—1frequency dependence of shear wave internal friction (Q~ ) in the crust. 
S

The first step in the process of investigating the frequency 5

dependence of Q8 in the crust is to obtain models of Q~
’ as a function

of depth from fundamental—mode Rayleigh—wave attenuation data. In
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obtaining those models I assume that Q6 is frequency d€pendent such

that Q
B

(w ,z) — C(Z)Wa where w is angular frequency and a is a constant.

The case a — 0 corresponds to the case where Q~ is independent of

frequency. It is possible to satisfy the fundamental mode data with a

wide range of values for a. Two cases (a 0.0 and 0.5) appear in

Figure 2.

The next step is to do the forward problem of calculating

attenuation coefficients for the higher modes using the models obtained

from inversion of the fundamental—mod e data. A difficulty in this

S process is that the observed higher-mode data sometimes correspond to

a single mode and sometimes to several modes. This problem is

illustrated by Figures 3 and 4 where theoretical group velocities for

the eastern United States model of Mitchell and Herrmann (1979) and

theoretical spectral amplitudes for that model and selected event—

station examples are plotted , it is apparent that higher—mode

observations at velocities of about 3.5 km/sec in the eastern United

States consist predominantly of the first higher mode at periods

greater than about 3 seconds. At shorter periods there is much overlap

in group velocities for the various modes and several modes contribute

to the observed Lg wave form. However, Lg attenuation coefficients are

usually determined for waves travelling at group velocities between

3.3 and 3.6 km/sec. If that is the case, an average attenuation

coefficient for the first four higher modes should approximate the

attenuation coefficient for Lg at a period of 1 second. At a period of

2 seconds, the first two higher modes should be sufficient.

Figure 5 presents observed higher—mode attenuation coefficients

and theoretical coefficients for various values of a, assuming that

— 61—
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Figure 5. Fit of theoretical higher—mode attenuation
coefficients to observed values for various
values of a, assuming that a is constant 
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over the entire period range 1-40 seconds.
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Pr

a is a constant throughout the entire period range beti~,een 1 and 40

seconds. It is clear that a frequency independent (a 0.0) Q
~~ 

model

will not satisfy the higher-mode attenuation data . Further, it appears

S 

that none of the models for which a is a constant throughout the entire

period range fit the data very well. The case a 0.3, perhaps, comeS

closest to explaining all of the data.

Additional models were explored in which a was allowed to vary S

with frequency. Attenuation coefficients for some of these models

appear in Figures 6 and 7. A very good fit to the data was achieved for

the case in which a was set equal to zero at periods greater than 4

seconds and equal to 0.5 at periods of 4 seconds or less. The hump in

the curv e corresponds to the jump in a at a period of 4 seconds and can

be smoothed out with a less abrupt change in a. Good fits to the data P

can also be achieved by letting a increase gradually with decreasing

period at periods less than 4 seconds. Two such cases appear in Figure

7 where a Is set at values of 0.0 and 0.2 at long periods. Undoubtedly,

several other distributions of a over the period range 1—40 seconds will

also satisfy the higher—mode attenuation data.

There are several Q
~~~ 

models for the crust of eastern North America

5 which might explain the fundamental and higher—mode data. A frequency—

independent model and a model for the case of constant a (a 0.3) over

the entire frequency range between 1 and 40 seconds appear in Figure 8.

Some models for which a varies with period are presented in Figure 9.

Comparisons of the theoretical attenuation coefficient values to the 
S

observations (Figures 5—7) indicate that the cases for which a increases

with decreasing period are better than those for which a Is a constant. S
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Higher—Mode Attenuation in the Middle East———

Iran to Turkey

by

Brian J. Mitchell

Introduction

Methods previously developed to determine shear wave internal

friction models in North America are being used to study the attenuation

of higher—mode Rayleigh waves in the Middle East. Although this work is

S still in progress, preliminary results have been obtained which are

important to understanding surface wave propagation and attenuation

through a portion of the Middle East from eastern Iran to western

Turkey.

Data

As described in other sections of this report, higher modes with

periods of a few seconds will be combined with fundamental—mode data

to study the anelastic properties of the earth’s crust. The method
5 

requires the use of sources for which the depths and fault—plane

solutions are known. Fault—plane solutions for several suitably S

located earthquakes in the Middle East have been determined by McKenzie

(1972). They are listed in Table 1 and appear on a map in Figure 1.

The paths cover an east—west trending region front eastern Iran to

S 
¶ western Turkey, most of which is comprised of plateaus and small

mountain ranges.

The essential data consist of Rayleigh wave amplitude data, S

both fundamental and higher modes. In addition to the amplitude data,
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however , group velocity data are also required in ordel! to establish

a crustal model for that region. Both these types of data have been

obtained using the multiple—filter method . The group velocities are

plotted in Figure 2. It is interesting to note that the higher—mode

velocities are observed only to periods as great as about 6 seconds. By S

comparison, higher modes are observed in eastern North America to

periods as large as about 10 seconds. The scatter in both the

fundamental— and higher—mode Rayleigh wave group velocity data is quite

large, probably because of the complexity of the crust in that region.

The group velocities are quite low, indicating that the shear velocities S

in the crust of that region of the Middle East are lover than those

S 
which would be expected for a shield or stable region.

Method and Preliminary Results

In order to apply our method to obtain attenuation data and Q

models for the portion of the Middle East between eastern Iran and

western Turkey, it is first necessary to obtain a model of seismic

velocities and densities. Since, to our knowledge, no crustal model

is available for that region, it Is necessary to obtain a model by

using the group velocity data of the present study. Because of the

relatively large scatter in the observations, it was dec ided to

obtain a model by simple trial—and—error fitting of the data. The

solid lines in Figure 2 indicate the theoretical group velocities for

the model in Table 2. It is interesting to note that the model is

very similar to the model of Bucher and Smith (1971) for the Colorado

Plateau in the western United States, differ ing only by having one

layer which is 1½ lan thicker than the corresponding layer in the Colorado

Plateau.
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Table 2.
I

Crustal Model

S Thickness P velocity S velocity Denstt~(kin ) (kin/sec) ( lan/sec) (gui/cm )

-
S 

2.5 3.0 1.73 2.40

26.0 6.2 3.58 2.83

13.0 6.8 3.87 2.99

45.0 7 .8 4.25 3.30

8.2 4 .38 3.43

-
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The availability of a crusta l  model and sources w?th known

depths and fault—plane solutions permits the calculation of surface

wave ampli tude spectra (Lev shin and Yarson , 1971; programmed by

R.B. Hermmann) for the fundamental and higher modes. Examples of 
5

these spectra appear in Figures 3 and 4, where they are compared with

observed spectra for the earthquake of 27 July 1966 assuming two

different focal depths. Figure 3 compares observed spectral amplitudes

with theoretical values corresponding to a source depth of 40 km and

Figure 4 compares the observed values to theoretical values for a

source depth of 20 km. The greater depth is the value given by the

USGS location. In both cases the observed higher mode spectral

amplitudes are much smaller than those predicted by theory. This

result Indicates severe attenua tion of higher modes, either by low Q

values in the crust or by scattering produced by inhomogeneities. If

the focal depth for the earthquake is 40 km , it is likely that scattering

of the higher modes is most important , since the fundamental mode

spectral amplitudes in Figure 3 exhibit little attenuation. If the

5 focal depth is near 20 km, however, anelastic attenuation is likely

S to be the important mechanism , since both higher modes and the short—period

fundamental mode spectral amplitudes in Figure 4 exhibit large

attenuation. The position of the spectral minimum in the observations

at a period of about 60 seconds corresponds more closely to the theoretical

spectral hole for the case of the shallower source. This preliminary

result indicates that low Q is likely to characterize the crust of Iran

and Turkey. Further studies should provide enough data to yield a Q

model for that region which will explain both fundamental—mode and
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higher—mode attenuation data. Frequency—dependent models will be

sought which will also explain the attenuation of 
regional phases

such as Lg.
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