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RELATIONSHIP BETWEEN NEAR—FIELD AND TELESEISMIC

OBSERVAT IONS OF SEISMIC SOURCE PARAMETERS

Brief Summary

I. Objective

The overall objective of this investigation has been to establish the

connection between source mechanism parameters inferred from seismic

measurements made relatively near to earthquakes and explosions and those

inferred from teleseismic observations.

II. Major Accomplishments

The following brief summary outlines the accomplishments under this

grant. We have :

1. found that there are significant variations in body—wave and surface

wave excitation for explosions of comparable magnitude detonated in similar

source media and located only a few kilometers apart at NTS (Yucca Flats and

Pahute Mesa). These observed differences in excitation and energy part-

itioning imply either a rapidly varying tectonic stress field in the source

region and/or strongly varying patterns of near—source fracturing. Source—

generated P—wave coda of two minutes duration or more are observed at NORSAR

to vary significantly in strength and character among nearby Yucca and Pahute

events, possibly due to short—period surface wave to P—wave scattering ;

2. shown that relatively few SRO—type stations can be used to compare

source mechanisms for suites of events of varying size in a given source region.

For example, foreshocks and aftershocks of the Utah—Idaho border and Oroville ,

California sequences of 1975, as recorded at the Albuquerque SRO station , have

~~~~~~~JiiJ i I~~
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been analyzed and compared; in both cases the principal foreshock exhibited

the same mechanism as the main shock, while the aftershocks are more varied

in mechanism. For both sequences we were able to match the observed Love and

Rayleigh waveforms and spectra as the mechanism changed. Average path

dispersion (hence structure) is a useful by—product of the analysis;

3. developed a promising approach for using the entire short—period

signature for identifying short—time—lag double events; the technique will

work best at regional distances where relatively broad—band surface wave

(e.g. Lg, Rg) as well as body waves (Pn , Pg, Sg) signals are recorded ;

4. developed further the surface—wave inversion techniques we devised

for inferring lateral heterogeneity in structure using any combination •~f Love

and Rayleigh group velocity or phase velocity dispersion for as many modes

as are observed ;

5. developed a finite element code that can compute theoretical wave-

forms that would be observed at any point of interest from an arbitrary

source extended in space and time in geologically heterogeneous structures.

In addition we have been able to combine this code with the Haskell method

to propagate waves from a simple, plane—layered region into and across a

complicated structure . Using this code the 1971 San Fernando earthquake

was simulated using static and dynamic fault models with a variable rupture

velocity. We obtained good agreement with observed near—field observations

for a rupture velocity of about 2 km/sec. We have obtained digitized records

for additional near—field sites and are now attempting to interpret them

with the aid of the finite element calculations; this involves interpolation

of the digital data to a uniform sampling rate in time and filtering to

produce a wave—form with the same spectral band as the numerical code

calculat ions;

_ _ _ _ _ _ _ _ _ _ _ _  

_



~~~~pIr- 
- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
-

~~~
- — — -

~
.-, --

~~~ 
- -_ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -

4

6. far—field surface wave amplitude spectra have been studied for their

use in determining seismic source pa rameters . Using theoretical spectra

generated for a double couple source in a plane layered half—space , the

minimum residua l fit to the observed spectra wa obtained , yielding source

parameter estimates; and

7. developed a software package for analysis of SRO data tapes. rn

addition to standard types of filtering, matched filtering, spectral

decomposition , and dispersion analysis , we have implemented routines for

polarization filtering to isolate ind ividual phases and stacking of events.

This grant has supported wholly or in part two completed Ph.D. theses

and three that are near completion. In addition , the soft—ware developed

under this grant , ~iarticular1y the inversion programs , has been desemminated

rather widely and it is being used by several organizations on ARPA/AFOSR

projects.

III. Publications -

Publications based on the work summarized above are listed on the

following two pages.



~~~~~~~~ ““‘

5

PUBLICATIONS

Alexander, S. S., L. S. Turnbul]., end R. J. Greenfield , April 1973. Non—Linear
Least—Squares Determination of Seismic Source Parameters Using Frequency—
Dependent Radiation Patterns of Rayleigh and Love Waves, Trans. A.G.I.,
Vol. 54, No. 4, p. 367.

Alexander, S. S., 1976. The Setamol~gical Potential of the New Seismic Research
Observatory (SRO) Network, Trans. Am. Geophys. Union, Vol. 57, No. 4, p. 284.

Alexander , S. S., 1976. Applications of the Seismic Research Observatory (SRO)
Network, Trans. Am. Ceophys. Union, Vol. 57, No. 10, p. 758.

Alexander , S. S., T. W. Tiff t , and P. Clover , 1976. Comparison of Earthquake
Source Mechanisms for Foreshock, Mainshock, and Aftershock Sequences
Using Seismic Research Observatory (SRO) Data, Trans. Am. Geophys. Union ,

F Vol. 57, No. 12, pp. 954—955.

Clover , P., D. W. McCowan and S. S. Alexander , 1974 . Dynamic Finite Element
Method (DFEM ) Calculations of Elastic Wave Propagation in Two—Dimensional
Structures , Trans. Am. Ce~phys. Union, Vol. 55, p. 351.

McGowan, D. W., P. Glover and S. S. Alexander , 1973. Dynamic Finite Element
Method Calculations for Stress Waves in Earth Structure . Earthquake
Notes, Vol. XLIV, Nos. 1—2 , p. 34.

McCowan, D. W., May 1975. Dynamic Finite Element Analysis with Applications
to Seismological Problems . Ph.D.  Thesis , The Pennsylvania State
University , 189 pp.

MeCowan, D. W., P. Clover , and S. S. Alexander , 1977. A Static and Dynamic
Finite Element Analysis of the 1971 San Fernando , California , Earthquake,
Geophys. J. R. Astr. Soc., Vol. 48, pp. 163—185.

Rodi, W. L., P. Clover, 1. M. C. Li, and S. S. Alexander , 1975. Group Velocity
Partial Derivative Computations and the Systematic Inversion of Surface
Wave Data, Trans. Am. Geophys. Union, Vol. 56, No. 6, p. 402.

Rodi, U. L., P. Clover, T. M. C. Li, and S. S. Alexander , 1975. A Fast
Accurate Method for Computing Group Velocity Partial Derivatives for
Rayleigh and Love Modes, Bull. Seis. Soc. Am ., Vol. 65, pp. 1105—1114.

Turnbull , L. S. and S. S. Alexander , June 1973. Determination of Source
Parameters for Several Mid—Atlantic Ridge Events Using Surface Wave
Radiation Patterns , Earthquake Notes , Vol. XLIV , Nos. 1—2 , p. 22.

Turnbull , L. S., D. F. Sun and S. S. Alexander , November 1973. Determination of
Seismic Source Parameters for Several Earthquakes Using Frequency Dependent
Radiation Patterns, Trans. A.C.I., Vol. 54, No. 11, p. 1133. 

.- ~~~~“-- “. --~~~~~~-~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~--— - - - .-~~——-——- -~ ~~- 



~ ~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~

V

6

PUBLICATIONS (Continued)

Turnbull, L. V., Jr., August 1976. Determi nation of Seismic Source Parameters
Using Far—Field Surface Wave Spectra. Ph.D. Thesis, The Pennsylvania
State University , 424 pp.

Yeh , Y. —T. and S. S. Alexander , 1976. A New Surface—Wave Inversion Method for
Determining Lateral Variations in Crust—Mantle Structure, Trans. Am.
Geophys. Union , Vol. 57 , No. 4 , p. 286.

H -

-r

i i : . ~~~~~ ~-- - -.- ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~



APPEND IX A

Contained in this Appendix are examples to illustrate some of the results

discuss.d in the Su~~ary of Accomplishm.nts but not incorporated into the

refer .nc.s , publicatio ns , or reports that appear elsewhere in this document.
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TABLE A— I

This Table summarizes the variations in Love and Rayleigh wave magnitudes
expec ted as a function of source strt~cture , degth~ and fault t7p. (tectonic
stress ) ; VSS — vertical strike—slip; 45DS — 45 dip—slip ; periods as given
and amplitudes wer e measured from synthetic seismograms for 3000 1cm distance.

Structure Canadian Shield - Bruna and Dorman (1963)

~aul t l og (L) Per. Per. A (R) Per . log R (SPet~log R(L) (sec) 1og~ 
____ ________ __________ ____ ________ 

(sac) Love _____ ________ 

(sac) R.av1ejghl~ 
(sec)

VSS 1.64 17 6.31 17 1.09 17 6.18 17
1.0

4SDS 1.34 17 6.01 17 0.99 17 6.08 17

VSS 1.62 17 6.30 17 0.77 18 5.95 18

5.0
45DS 1.32 17 6.00 17 0.42 

16,19 5.63 
16,19

______ _____ __________ _____ _________ ______ _________ _____ _________ 
22

VSS 1.64 17 6.32 17 0.17 22 5.72 22
10.0

4SDS 1.34 17 6.02 17 0.71 
15;16 5.84 

15,16
______ _____ _________ _____ _________ _____ _________ _____ _________ 

17

Structure Hamilton Healy

Desth Fault 1o4(t) Per. log a( L) Per. 1o4(R) Per, log R(R) Per.
(1cm) 

_____ _________ 
(sec) Love (sec) (sec) Rayleign (sec)

VSS 0.90 15 5.89 15 0.59 16 5.79 16
1.0 ____ ________ ____ _______ ____ _______ ____ _______ _____

45DS 0.60 15 5.59 15 0.46 16 5.68 16

VSS 1.28 15,16 6.28 15 0.78 16 5.95 16
5.0 —_____ ____ _______ ____ _______ ____ _______ _____

4SDS 0.97 15,16 5.98 15 0.43 L4 .5,15 
~ ~~ 

15,16
_____ ____ _________ ____ ________ _____ ________ 

16,17 
________ 

17
VSS 1.38 16 6.45 16 0.23 20 5.86 20

10.0
14,15 14,1545DS 1.07 16 6.15 16 0.79 
5.5,16 ~~~~~~~~~ 16

Structure 35a12 — Alexander (1963 )

Per .~epth iFault 104(L) Per . Per .
(1cm) 

_____ _________ 

(sec) ~~~ (5Cc) lo$(R) 
~~~~~ 

log R(R) 
(sec)

VSS 0.69 16 5.71 16 0.40 16 5.52 16
1.0 

45DS 0.38 16 5.41 16 0.49 16,17 5.62 16

LVSS 1.36 16.5 6.44 17 0.79 16.5, 5.98 17

15,16 5.65 15,lb
5.0 

45DS
1
1.06 16.5 6.14 17 0.49 17 ,18 17 ,18

VSS 1.31 16.5 6.40_ — 
17 0.22 21 5.71 21

.45DS
1 1.01 16.5 6.09 17 0.67 16 5.83 16

_ _ _ _  
_ _ _  _ _  
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BASr C XRO PROG RAAS :

~ NEADFRDIJMP.
RE ADS MULTIPLE FILE SRO TAPE .~ AND PRINTS HEADER LABEl . FOR EVERY
RECORD.

2 SPSUBZET.
READS SEGMENT OF AN SRO TAPE .. EXTRACTS SPEcIFIED SHORT PERIOD W INDOW
DEM AGNIFIE S DAT A , AND PRODUCES A STANDARD FORMAT XUBSF.T TAPE. AND A
PLOT TAPE.

3 LPSUPZET.
SIMILAR TO SPSUR SET WITH ADDITIONAL FEATURE OF nt :NULTTPI.rxInG THRL~C
COMPONEN T LONG PERIOD DA’~A AND ROTATING HORIZONTAL COMPONENTS TO A

SPECIFIED DIRECTION.

SRO DATA PROCESSINO PROORAM S~

I COLLAPSE.
AN OLD SDI. PROGRAM TO NATCHFII.TFR LCIPIr, PF.RIOI) DATA IISINO REAL
OR SYNTHETIC SIONALZ •AS FILTERS . ADDIT IONAL FF.ATIJRFS ALLOW
COMPUTATION OF SMAL L EVENT SPECTRA, BF.AMING 1W ARRA Y DATA , ETc:.

2 NARR OW BAND .
PERF flRMS NARROW BAND F11 TERJNO IN THE FRFQUENr.Y DOMAIN FOR
EXTRACTION OF GROUP ARRIVAL TIMES. JUDICOUS CHOICE flF W IPER
PASS BAND ALLOWS SEPERATION .OF NORMALLY AND INVERSELY DISPERSED
ARRIVALS.

3 SEISMOPRIMT .
PRODUCES 2—B CONTOUR PLOT OF POWER VS FRF.IWF.PICY AS A FUNCTION OF
TIME. OPTIONALLY. PROGRAM ALSO PRODUCES INSTRUMENT CORRECTED PLOTS
OF POWER VS FRF.QUENCY AVERAGED OVER A GIVEN TINE WINDOW.

4 LOO-LOOPLOT 1.
COMPUTES PO~1tR SPECTRUM OF A LENGTH OF SEISMIC I~ATA AND PRODUCES A
CALCOMP PLOT OP LOG POWER VS LOU FREQUENCY, THUS FACILITAT INCi THE.
DETERMINATION OF CORNER FREQUF.NCY.

5 LTC1R.
COMPUTES THE POWER SPECTRAL DE1~S T Y  OF THE LOVE AND RAYL F.I(iII U~~JF~(VERTICAL COMPONENT ) PORTION OF A LOlIG PF.RIC1D SF.ITMOGRAM AND PR(ThI ICI~~
A PLOT OF THE RATIO L/ft AS A FUNCTiON OF PERIOD.

ANCILI.ARY PROGRAMS.

I SIJIP2M.
INVERTS OBSERVED SURFACE WAV E DISPERSION DATA TO DETERMINE THE PFST
SINGLE 0* COMPOSITE. FLAT OR SPHERICAL, EARTH RC Dfl.. INPUT CIINSISYS
1W A GIJESS MODEL • SINGLE OR COMPOSITE. THE OBSENVED BA JA AND FS1 J NATFS
OF THEIR VARIANCES, AND A WE IGHTING MATRIX FXP*ESXIN6 CONFIDENCE IN
THE TRIAL MODEL. DATA CAN BE LOVE OR *AYI.F~IGH WAVE PHASE AND GROUP• VELOCITJFS. FUNDAMOITM. 0* HIAHER NODE.

2 NAAPINB.
COMPUTES LOVE AND R*TtS.IOH WAVE PHASE AND PRflI~~ VEl OCITIES ANO THEIR
PARTIALS WITH RESPECT TO THE MODEl. PARAMETERS FOR A pt.AwE-PARA&LFI
LAYERED HALF SPACE.

3 STRTCH.
CONVERTS INPUT FLAT EARTH P~ODYI. INTO A CO *ESP~INDTNO P.!fl)Dfl-~ 1’IWPY ” Al
MODEL FOR USE WITH HARP INS.

4 RAYPUNCH AND LOVEPUNCN..
LOSIPUTES THE RAYIEISH OR LINE WAVY DISPI.ACFMFNT—?’RFSS OIIANTITIES AT
AN IMAGINARY SURFACE CONTAINING THE POINT SmmCE FIlM A Pl.ANF-~’AR*l I.Et .
LAYERE D NALFSPACE.

S SURSIN.
COMPUTES SYWYNET IC t.(PN AND **YLE IAN WAVE SE I SNOI3RAMS FRflSI EAR THQUAkE
AND EXPLOSIVE SOUM~~3 1$ A PLANE—PARALLEl. LAYERED EARTH MAlWl..



Figure A-I. Short—period and long—period seismograms recorded at the

Albuquerque SRO station for two nuclear explosions (Keelson

and Esroin) located within approximately 2 km of one another

at Yucca Flats and detonated about 20 minutes apart in time.

Note that the levels of excitation for the short—period

phases (P n ,Pg, Lg) are approximately the same for the two
even ts , wher eas the re is a very large difference in both
Love and Rayleigh wave excitation between the two with the

second (Esrom) exhibiting the large surface waves (tectonic

release) . Similar results were obtained for other (SDCS)
stations .
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ABSTRACT

DYNAMIC F INI TE ELEMENT ANALY SIS W ITH APPLICAT I ONS

TO SEISMOLOGICAL PR OBL EMS*

A Dynamic Fini te Elemen t Method ( D F E M )  fo r  e last ic  wave

propa ga t ion  in genera l  two—dimensional heterogeneous media

w as developed from a causal, variational statement of Hamil-

ton ’s Principle and applied to several seismological prob—

1a.m. Judged from test cases where the results were compared

against know n anal ytic solutions , the method was able to

reproduce temporal and phase characteristics of Rayleigh

wa ves such as travel time , qroup ve loci ty  d i spe r s ion, ch ip—

ticity, and phase lag to within 5% of the values predicted by

theory. The Rayleigh wave amplitude , ho w ever , was found to

be 25% small over the whole spa t i a l  waveform , an effect which

w a s  a t t r i b u te d  to the artificial viscosity . in the method

necessary to remove severe numerical noise. Three seismolog-

ical problems of interest were solved: 1) Rayleigh wave

• propagation across a continental marqin structure , 2) radia-

tion from an extended shear source, and 3) a s ta t ic  and

dynamic stud y of the February ~~, 1971 San F e r n a n d o  earth-

q u a k e .  Con spicuous aaonQ the many results were : phase

velocity anisotropy on the order of ~% in the continental

margin problem which aqreed w i t h  Alexander ’s (1Q ~ 3) model

experiment , P and S wave radiation spectra from the extended

shear source problem which Cit the prediction of the Brune

(1970) setsmic source theory, and static and dynamic models

of the San Fernando earth quake which support ed the re...ults of

* P h .D .  The~~ts ot D. W . McCowan
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• previous investigati ons of near-field data for this event

(e.g., Bolt, 1972; Alewine and Jordan, 1973) . Based on these

• results, conclusion s were drawn concernin g the extension of

- the method to more complicated seismolog ica l prob lems.
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An important CXt C1I3 IQn of both thc i tc lat iVe and ex-

haustive techniques that has beer. developed in this stud y is the amp li-

tude spect ra l  ratio concept .  A ‘master  event ’ is determined for a

particular geograp hical reg ion, whose source mechanism has been

estab lished with a high degree of confidence. The source mechanism

of other events o c c u r r i ng  in the same reg ion can then be determined

us ing amplitude spectral ratios with the master event , e liminating the

need to make path and instrument cor rectio :- Is.

Comp lete expressions for the next two higher multipo les

(quadrapo[e and octapole ) were generated from the work of I-larkrider

(1970). Their importance relative to that of a double coup le was found

to be a funct ion of frequen cy and the physical extent of the rupture

volume. Alternatively, an exten ded fault can be modelled using multi-

pie double coup les disp laced in both space ann] time which simulate a

finite rupture velocity. This source descri ption can produce non-

symmetrical surface wave radiation, but for most earthquakes with

magnitudes less than mb 6. 0 observed at teleseismic distances , a

point double coup le source descr i ption is adequate. -

Because the spect ra l  f~tt in~ methods depend upon the

shape and level of the amplitude spec t ra , theoret ical fundamenta l and

f i rs t  hi~ h-~ r mode Ray lei~~h and Love wave double coup le and quadra—

p0 Ic a np )  tit~~dc Spec t ra v.- e re ~euc~ rate d for many son ICC conri ~urat ion:: .

The mo.-;t important o i : e r v a t i o n - ~ from thcs~ s pect ra  a re :  (I ) for h~~. h

. 4 -  ~~~~~~~~~~~ - ,- -
~~~~~~~~~
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depth , - st i mat e  fo r shallow ev e nt .- ( 41 0 Icr.~), (2 ) t he o.’. imu tlial spread

of stat ions should be greate r than 900 
in order to obtain a valid solu-

t ion, (3 ) for Eurasian events with t ravel path~ along the Alpine-

Himalayan fold system , abnormally low groun vcloci t ies (~~O. 5 km/sec

low) and almost twice the normal energy attenuation coefficient were

observed , (4) for the Bear Valley earthquak e of 22 June 1973 , the far-

field seismic moment is an order of magnitude greater than that ob-

tained from near-field observations , and ( ? )  that the use of spt .ctral

rat ios was found to be a valid approach in the analysis of two pairs of

events.
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1

The Nature and Origin of Seismic Codas from NTS Explosions Recorded at NORSAR

On the basis of the travel— t ime tables and theoretical studies of explosive

sources, short—period seismograms of NTS explosions recorded at NORSAR , an epi—

central  distance of approximately 73
0 should show relatively simple waveforms .

The f i r s t  arrival , consisting of the direct P—wave and the surface reflection

pP . should be followed 18 seconds later by PeP , also contaminated by i ts surface

r ef lection , pPcP. This is in turn followed by the ref lec ted  phases , PP . at 161

seconds after P, and PPP sme 263 seconds after P. Each of these arrivals could

reasonably be expected to consist of 2 or 3 cycles of a predominantly 1 Hz wave

when recorded by the NORSAR short period vertical seismometers. Figures 1 and

2 show typical NORSAR beams from explosions detonated in two distinct areas of

NTS, Pahute Mesa and Yucca Flats respectively. The pertinent epicenter data for

these events are given in Table 1. Clearly these seismograms are far  from simple ,

particularly those from the Pahute Mesa events (Figure 1). This observation

prompts the obvious question as to why. In the discussion tha t follows we will

attemp t to elucidate the nature of the seismic coda and determine the source of

its gene ration.

One of the valuable properties of an array is its ability to resolve the

speed and propagation direction of an arrival. The array can then be steered in

this direct ion and beams formed so as to minimize the contamination of the desired

signal by unwanted arrivals. Not only can the expected arrivals be separated on

the basis of arrival—time at a single stat ion , they can be sepa rated on th e basis

of propagation velocity across the array. A systematic approach is to assume that

all  signals or ig ina t ing  in the source region arrive at the receiver along the same

azimuth as the direct P waves, and to form beams corresponding to the velocity

range of the expected late arrivals. The relative power in each beam for a given 

-4— 
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window is then displayed as a function of beaming velocity and arrival time.

Contours of equal power then reveal coherent arrivals as peaks in velocity vs

time space.

The lower part of Figure 3 shows such a plot for the explosion STILTON,

which was detonated in Pahute Mesa, slightly to the NW of the Silent Canyon

Caldera (see Table 1); the contour interval is 3 db. The f i r s t  arr ival  has an

apparent velocity of 18.0 km/see , which is somewha t lower tha n the 18.8 km/sec

predicted by the Herrin travel—time tables , possib ly due to dipping interfaces

within the crust beneath the array . However , the important featur e of this

plot is that the conspicuous arrival 18 seconds after the initial P—wave onset,

also has an apparent velocity of 18.0 km/sec . So, although the differential

travel—time is correc t for PeP, the velocity is much slower tha n the  PeP pre-

dicted value of 25.8 lan/sec. In fact, all the arrivals in the 90 seconds of the

beam following the initial P—wave onset have an apparent velocity of 18.0 kin/sec.

This is amply demonstrated by normalizing the plot by the maximum in each time

window, as is shown in the upper part of Figure 3, which is contoured at 1 db

intervals. A search for arrivals was conducted by steering the array toward +

20 degrees from the P—wave back—azimuth. No significant off—azimuth arrivals were

detected.

Although the velocity time plots are themselves a qualitative measure of the

coherency of signals across the array, a more quantitive measure of coherency is

desirable. A computationally convenient procedure is to compute the semblance

coefficient M N

S — j 1  1—1 
~ ~~ +

M N
N E E X~~~j + t ( i )
j — l  i—i 

~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~ ~ ii:~~~~



- -.—.--...-.—, -~.,- -, - — .  -— - .  —--n ~~~
__, .- - ~_ -—~~~ .~~ç-~~~- - —— -~r--w--- - -.

~--— r---.t~~~~~~~ —

3

where ~~~ + r(i) is the signal at the i th channel

M is the length of the time window over which S is computed

N is the number of channels in the beam, from which the energy

normalized multichanne l coherency

c = (N—l) (NS C 
— 1) (2)

is computed , and varies in the range

— C .~ 1 (3)

Figure 4 shows the coherency in the best—beam from STILTON as function of time;

the relative power in the beam as a function of time; and the beam itself. They

confirm that the arrival 18 seconds after  the P—wave has the same coherency as

the initial P—wave at the beaming velocity of 18 km/see , and is only 7 db down

in power. Thus, this arrival cannot be PeP. The plots show that further dis-

crete arrivals, also coherent at the P—wave velocity, occur up to 60 seconds

after the initial P—wave arrival.

Beam steering, coherency and relative power plots were produced for each

of the 8 Pahute Mesa events shown in Figure 1. These tended to confirm the results

from the analysis of STILTON. No evidence of PeP, or other phases arriving with

velocities and propagation directions significantly different from the initial

P—wave were found. The measured P—wave velocities themselves were identical to

within the experimental error. The distribution in time of the coda arrivals,

their relative power, and their coherencies, all varied from event to event. As

an example, Figure 5 shows the coherency and relative power from KASSERI. This

event clearly has many more arrivals that STILTON and the coda remains both

coherent and more energetic over a longer interval. No arrivals were found with

velocities significantly d i f f e ren t  than tha t of the initial P—wave. 

~~~~~ 1T1I~~~ 7 — 
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To examine the coherency of the codas among events at Pahute Mesa, the 8

NORSAR beams were stacked . Each beam was no rmalized to unit  amplitude , and time

aligned on the front  trough of the P—wave signal . The lower trace in Figure 6

shows the result. The maximum amplitude in the P—wave is 0.89 , so that the signal

loss due to di ssimilar ities in waveform (see Figure 1) is not severe. In this

case of coda, however , the amplitudes are reduced by approximately a factor of 3

th roughout the time interva l, and thus are mostly incoherent from event to event .

A similar set of analyses were performed on the 8 Yucca Flat events (Figure 2).

The direction and speed of propagation (apparent velocity) of this initial P—wave

from these events was essentially the same as f or the Pahute Mesa events. The coda

also arr ived with the same apparent velocity . However, as Figure 7 shows , the

relative power and coherency of the coda arrivals are much lower. Despite the

greater degree of similarity of  the initial P—waves , the re is still significant

variation in time and amp litude of distinct coda arrivals from event to event .

This is demonstrated by the upper trace in Figure 6 which shows the phased sum of

the beams. The amplitude of the P—wave is 0.97 in this case, whereas coda is

red uced by a fac tor  of approxima tely 2 .5 , again suggesting that the coda arrivals

are uncorrelated from event to event. There was no indication of significant

arrivals with velocities other than that of the initial P—wave, in particular Pc?.

Articles in the l i terature on the genera t ion of seismic codas are legion.

Discou nting contributions by other phases such as pP , sP , Pc? etc. ,  published mech—

anisms fall into the following categories:

(1) multiply reflected phases originating in the crust and upper mantle

under the source and/or the receiver

(ii) reflections and refract ions of P—waves taking place out of the dia-

metrical plane

-

~

-‘ ____  
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(iii) P—wave scattering of the Chernov type at the source and/or receiver

(iv) mode conversions, namely P—to—Rayleigh waves at the receiver and

Rayleigh to P—wave at the source

(v) tectonic release including aftershocks and other source related

phenomena.

Of these mechanisms , the natur e of the codas themselves as discussed elim-

inates all possibilities with the exception of those which generate coda in the

immediate proximity of the source. It is well known that explosions at NTS,

particularly those at Pahute Mesa, generate considerable SH wave radiation in

some instances. If coda generation is due to tectonic release, those events with

high coda levels should also be correlated with events with large SH excitation.

Table 3 shows the Love to Rayleigh wave amplitude ratios from seismograms recorded

at 5 SDCS stations within the continental United States, for the 8 Pahute Mesa

events and 6 of the Yucca Flat events. There is no obvious correlation between

events having high coda levels and events with large L/R ratios. Furthermore, the -

Pahute Mesa events with coda/P—wave ratios of 0.5 would require aftershocks of

approximately magnitude 6 to account for the observed coda levels. Although we

have not examined the very near—in records for these events, there is no evidence

in the literature to suggest that such events are triggered 18 to 20 seconds after

similar large explosions .

Therefore, we are left with mechanisms (i), (iii) and (iv) to consider. Further-

more, reflections in a plane—layered structure can also be eliminated, because such

ref lect ions  would be well—correlated , though possibly t ime—shif ted , f rom event to

event within the two source regions . We are inclined to discount the Chernov mech-

anism, because, strictly speaking, this theory is only applicable to small random

variations in elastic parameters. Because of the size of the coda arrivals, a second—

order or strong—scattering theory would be required . Thus we are left multiple

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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reflections from curved boundaries which lead to the formation of caustics of the

type discussed by Hong and Heimberger (in press), and Rayleigh to P—wave conversions

in the immediate vicinity of the source.

In an e f fo r t  to further resolve this problem , seismograms of teleseismic

events recorded by SDCS stations located within NTS are being examined. Preliminary

results show that a Russian event at Novaya Zemlya generated unusually complex

seismograms at NT—NV, which is within Pahute Mesa, a much simpler one at OB2NV,

located in the nearby Climax Stock. Filtering of these and other seismograms from

deep events will be used to determine whether these codas are primarily body or

— surface waves. In any case these data provide strong additional support for the

conclusion that scattering near the source is the primary mechanism for coda gen-

eration associated with explosions at NTS. Structural complexities beneath Pahute

Mesa are especially effective compared to other test sites in generating large and

variable coda levels.
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Table 3

FAHUTE MESA L/R RATIOS

Event/Sta. RK—ON CPSO WUZYK rN—WV HN — M E CODA C / P
Kasser i 0.39 0.Sb 0.87 . 1.12 6.74 ‘

~~~~~~~ H 0.5

Muenster 0.82 1.31 0.99 4 .71 6 .2  II 0.4

Pool 0.90 1.06 0.90 3.86 6.1 L 0.25

Cheshi re 0. 43 0.48 0.73 0.78 1.85 6.0 L 0 .2

Fontina 0 .42  0.92 0.61 1.93 6.3 II 0 .3

Colby 0.16 0.28 0.18 0.26 6.3 II 0.5

Inlet  0.87 1.02 0 .63 1.28 1.56 6.0 L 0 .2

Estua ry 0.30 0.62 0 .72  0 .70 l.~~7 6.0 1-1 0 .45

This Table i l lus t ra tes  variabi l i ty of tectonic release among events in Pahute  Mesa
and the lack of co r re la t ion  between large tectonic release and teleseismic coda
levels as observed at NORSAR . H denotes high coda levels and L denotes low coda levels.
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Figure 4a. Coherency of best beam for Pahute Mesa event STILTON
(see Figu re L’.c fo r beamed seismogram) .
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Conven t ion al bod y wave fault plane eolutlons for a seismic

event inherently contain considerable scatter. A wide azimuthal

distribution of body wave first arrivals is generally necessary

in order to minimize this scatter. Fault plane solutions for

events of the August, 1975 Oroville , California sequence have

been determined by several groups of investigators. These solutions

are both numerous and overlapping . 
-

‘

The main event (M L = 5 . 7)  of the Oroville , Ca l i fo rn ia  se—

quence  occurred in a reg ion of h is tor ical ly  low se i s m i c i t y

approximately 10 kms . south of the LI. b i l l i o n  cubic  meter man-

made Lake Oroville. The sequence began seven years after the

o ns e t of f i ll ing but only one month a f t e r  its most rapid f i l l i ng.

The largest event pr ior  to this sequence was an event in 1940.

also a magni tu de 5.7, about 50 kms . north of the town of Orovi l le .

Twent y-one foreshocks (M 1 ~
. 1.6) preceded the main event beginning

on June 28 , 1975. There were approx imate ly  300 a f t e r shocks

recorded by local s t a t ions  and arrays from an area iLl. by 10

kms . southeast of Oroville through August 11, 1975.

The purpose of this investigation was to more clearly

define the focal mechanisms of the layer events of this sequence.

‘the apDroach uti1i~ ed was the synthesis of long period Love and

Ray1ei~~h waves whose time domain signatures and frequency domain 

~~~ , _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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spectra were then compared with the regionally observed

signature s and spectra recorded at the Seismic Research

Observatory (hereafter SRO) in Albuquerque , New Mexico. The

focal  rarameters , namely source depth , strike azimuth, fault

plane dip and slip were perturbed in order to obtain the

best corre la t ion betwe en t h e synthet ic  and observed surface

wave signatures and spectra.

Two f a u l t  plane so lu t ions  were de te rmined  w h i c h  would

synthesize the observed signatures and spectra fairly well as

recorded at the SRO station in Albuquerque . One solution

corresponded to the sequenc e of foreshocks , main event, and

some a f t e r shocks , whereas , the secon d solution,which had a

d istinc tly different source depth and orientation ,corresponded

to the aftershock on August 6 , 1975.

METHODS

A suite of ten events (ML~ 
4.3 ) which  were d i g i t a l l y

rec orded a t  the  SRO s ta t ion  in Albuquerque  was ob ta ined  for

the Orov i l l e , California sequence .  This suite consisted of

foreshocks to the main event on August 1, 1975, the main event ,

and the aftershocks through August 6. 1975. Locations for

some of these events are shown in the map of the Oroville

area of Figure 1. These long period d igi ta l  recordings were

~amp1ed at  arm sample per second . These d igi t a l  recordings

were ame nable to rather easy computer manipulations such as

time scale changes , gain changes , ro ta t ion  an d Fourier  ana lys i s .

-— 
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Figures 2 through 4 are the vertical, radial and transverse

components , respectively, of four of these events recorded at

Albuquerque. The scale factors are indicated by each trace.

No te that the Mb 5.8 mainshock is clipped.

The synthetic seismograms were generated assuming a

plane parallel layered source structure. A three step

computational scheme calculated the seismograms containing root

periods ranging from 5 to 75 seconds. The resulting vertical,

radial and transverse component seismograms were then compared

visually to the rotated seismograms recorded at Albuquerque .

The comparison was ma d e by overlaying the observed signatures

wi th  the synthetic signatures, noting the goodness—of—fit

of the relative amplitudes and duration of the individual wavelets

comprising the seismograms. In addition , the Love and Rayleigh

wave spectral ratios were compared as a function of frequency

for the synthetic and observed events.

PROCEDURE FOR SYNTHESIS

The Fortran IV computer programs employed in the synthesis

of surface waves propogated from Oroville , California to

Albuquerque , New Mexico are the implementation of the theory

developed by Harkrider (1964), Ben—Menahem and Harkrider (1964’)

an d Harkrider  ( 1970). The implementat ion required two runs of

a series of three programs for the synthesis of Rayleigh and Love

wav e seismograms . A descr ip t ion  of the input card formats can

be found in the appendix of Alexander , et al. (1973).
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A n im portant a ssum pt ion w h ich was require d to be made in

th i s  s tudy  was the spec i f ica t ion  of a suitable source structure

for the Oroville area. The structure consisted of model 35 CM2

(Alexander, 1963) with the upper 33 kms. replaced by the

structure determined by refraction profiles (Eaton, 1966).

This upper section reflects the local geologic environment of

valley sediments overlying Jurassic—Triassic rnetavolcanics

(Ryall and Van Wormer 1975) in the Oroville region. The structure

used in this study is shown in Figure 5 and tabulated in Table 1.

The dispersion programs were run first. They calculated

the depth independent quantities such as phase , velo~ities,

grou p velociti es and the amplitude response as a function of root

period for Love and Rayleigh waves. The surface ellipticity

~~ also calculated in the case of Rayleigh waves. The required

input at this stage was the local source structure as given

above as well as the specification of the periods at which roots

were to be found . The periods ranged from 5 to 75 seconds in

th is  s tudy.

The output from the dispersion programs was used as the

In put to the punch programs. The punch programs calculated the

displacement-stress quantities at specified depths in the source

s t ructure. The focal depths invest igated in this s tudy were 2 ,

3 , 5, 7, 8, 9, 10 and 12 kms. which were consistent with the

range of focal depths determirmd for the Orov~]h seque nce by

var ious  i nvest igators (see Table 2 ) .

Outputs  from both the dispers ion and punch programs were

then used as inputs to the step which computes the Rayleigh

_ _ _ _ _ _ _
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and Love wave seismograms in a plane parallel layered structure .

The synthetic seismograms that were computed were corrected for

the Ins trument response of the SRO station in A lbuquerque as

shown in  Figure 6. The attenuation coefficients employed were

dete rmined by Hermann and Mitchell (1975) for the Interior

of north Amer i ca.  These c o e f f i c i e n t  values conta ined considerable

scatt~r and were therefore used only as a first approximation

of the attenuation properties of the western United States.

The values used in this study are tabulated in Table 3.

The additional input parameters utilized in the final step

of the synthesis were those corresponding to the fault plane

orientation , source type, source t ime f u n c t i o n  and epicentra l

distance. The fault plane orientations were specified following

the convention of Ben—Me nahem and Harkrider (1964). Synthetic

Love an d Rayle igh  waves were computed u t i l i z i n g  a source func t ion

spec i f i ed by e i t her a point source or a double couple source.

For the case of the double  couple , the sourc e t ime f u n c t i o n  was

employed corresponding to a magnitude 5 event determi ned from
A ki (1967).

EXPERIMENTS AND RESULTS

Numerous Rayleigh and Love wave seismograms modeling the

Orovi l le , Cali fo rn ia  events were synthesized using the aforementioned

procedure . Publ ished f a u l t  plane so lu t ions  of foreshocks , the main

event and aftershocks listed in Table 2 served as a starting point

for the solutions for -the synthetic wave forms. The trial fault

olane solutions employed in the synthesis were then perturbed to
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cover the ranges of the published values.

The vertical, radial and transverse component synthetic

seismograms were visually compared with a rotated event

recorded at Albuquerque , New Mexico, both plotted with the same

t ime scale ( Figure 7). This event was a magnitude 4.7 (BRK)

foreshock four  hours prior to the August 1, 1975 magnitude 5.7

( B R X )  Oroville sequence main event. The main event was not

used for  comparison in this study for two reasons . The surface

wave coda of the main event was contaminated by the coda of a

foreshock eight seconds prior to the main event. In addition ,

the wave form as recorded at Albuquerque was clipped (see Figures

2 through 4). This comparison of the synthetic and observed

vertical, radial and transverse components permitted the rejection

of’ many solutions as viable mechanisms for  the observed wave forms . 
-

It was found that the depth of focus was not as sensitive in these

eyeball matches of synthetic versus real waveforms as were the

strike , dip and slip of the particular fault plane solution

under  s c r u t i n y .

The depth of focus was localized by comparing the Love to

Rayleip~h wave spectral ratios for the synthetic and observed

data as seen in Figure 8. The spectra of the observed data was

‘ obtained by employing the usual Fourier techniques. The peak

- 
- in the synthetic Love to Rayleigh wave ratio was observed to shift

to lower f requencies  as the depth of focus was increased.

The best fitting synthetic seismogram employed a double

couple extended source function. The fault plane parameters

which yielded this best fit with the foreshock were azimuth , N 10~Wi

--------- - - -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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dip, 60 ~~ sli p, 90 • The slip angle of 90 is consistent

wi th the angle listed in the figures , 27O~ . This angle is

specified in the convention of Ben—Menahem and Harkrider (1964)

and represents a normal dip slip mechanism. In this case the

Great Valley block has moved down wi th respect to the Sierra

Nevada b lock.  The depth determined by spectral ratios was

5 kilometers . The epicentral distance from Oroville to Albuquerque

used in this analysis was 1426 kms. The Rayleigh and Love waves -j

computed with this fault plane solution also compared favorably

with several other aftershocks of the Oroville sequence. It

was therefore concluded that the main event could also be

characterized by this fault plane solution.

Further examination of the aftershock data for the Oroville

events revealed some marked changes in the recorded waveforms

(see Figures 2 through 4). The changes in the observed waveforms 
- - 

—

for the August 6, 1975 aftershock were adequately modeled

utilizing a different fault plane solution than that determined

above . A set of approximate fits was chosen from the original

su i te  of syn the t i c  seismograms . Again , the depth was localized

using the Love to Rayleigh spectral ratios. The focal parameters

which best modeled the Au gust 6 aftershock were azimuth, N O~ W;

dip, 400 W; slip, 90~~ and depth 10 kms. These results can be

seen in Fi gures 9 and 10. —

DISCUSSION

The results of this study indicate tha t it is possible

to determine the cource mechanisms of regional—teleseismic events 

- T T ~~ .._ . T 1 1I~~~~_ .  :-T:Ti:ii ~7~ -—
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ut i1~ zinsr broad band da ta recorded at only a few h igh qua l i ty

s ta t ions . The Seismic Researc h Observatory network , of which

there are ten installations in current operation , supply such

high quali ty data . In this study Love and Rayleigh wave data

from only one station were used .

The f au l t  plane solutions determined in th is  s tudy were

found to be in  good agreement wi th the range of solut ions

published previously. The change in focal parameters between the

foreshock and aftershock of August 6 could be associated with
the development of a non—uniform local stress distribution

fol1owin~ the mainshock. The method employed In this- study was

found to be quite sensitive to small changes in fault plane

parameters as seen in the two - additional waveforms in Figure 9.

Therefore , this approach may be of significant help In determining

fault plane solutions of regional events when station coverage

is poor, provided that an appropriate source structure can be

provided.

In conclusion, it must be emphasized that the proper

propaEatiort structure should be employed in the synthesis of

surface waves. This study revealed the rather fortuitous

result that the prop-~gation path structure was identical to the

source structure given in Figure 5. Additiona l theoretical

seismograms shown in Figures 11 and 12 whi ch did not match the

observed waveforms were synthesized using the focal parameters

determined above. The source structure remained the same as

used previously, but the pr~p~gation path was that of 15 CNI2

(Alexander, 1963). It Is quite evident that this change does not

produce satisfactory results. 

-~~ 
- .7- - ----

----.7--— 
-.7-—-— - .7-——



.7 -

9

Referenc es

Aki , K. (1967). Scaling law of seismic spectrum , J. Ceophys.
Res. 

7~~~~
. 1217—1231.

Alexan der , S. S. (1963). Surface wave propoga’tion in the
western United States, Ph.D. thesis, California Institute
of Technology, Pasadena .

Alexan der , S. S. D. W. McCowan and P. Clover (1973). Effects
of sourc e s tructure and site res ponse of groun d mo tion
in the mean field of earthquakes, Final technical report
of Grant # N22-125-72 (6). NOAA .

Ben-Menahem , A., and D. C. Harkrider (1964). Radiation patterns
of seismic surface waves from buried dipolar point sources
in a f lat  s t r a t i f i ed  earth , J. Geophys. Rca. ~2. 2605—2620.

‘~‘a-ton , J. P. (1966). Crustal structure In northern and central
California from seismic evidence, Calif. Div. M i n e s  and Geol.
Bull. EQ,, 419—426.

Harkrider, 0. C. (1964). Surface waves in multilayered elastic
media I. Rayleigh and Love waves from buried sources in a
multilayere d elastic half—space. Bull. Seism. Soc. Am. ~~, - -

627—679.

Harkr i der , D. 0. (1970). Surface waves in multilayered elastic
mec1ia II. Higher mode spectro. and spectral ratios from point
sources in plane layered earth models . Bull. Seism. Soc. Am.
60, 1917—1987.

Hermann, R. B. and B. J. Mitchell (1975). Statistical analysis
and interpretation of surface—wave anelastic attenuation data
for the stable interior of North America , Bull. Seism. soc. Am.

~~~ 1115—1128.

Lahr ,  K. M., J. C. Lahr,  A. C. Lindh , C. C. Bufe and F. W. Lester
(1976). The AuEust 1975 Oroville earthquakes, Bull. Seism. Soc .

A m .  66 , 1085-1099.

Laneston,  C. A .  and R. Butler (1976). Focal mechanism of the
Aueust 1, 1975 Oroville earthquake , Bull. Seism. Soc . Am. ~~~~,

1111—1120.

Morrison , P. W., 3. W. Stump, and R. Uhrhammer (1976). The Oroville
earthquake sequenc e of August 1975, Bull. Seism. Soc . Am. 66,
1O65—lO~~ . - 

-

Ryall, A. and J. D. Van Wormer (1975). Field—seismic investigation
of the Oroville , Cal ifor ni a eart hquakes of Au gus t, 1975, Calif.
Div. Mines and Geol. Spec. Report 1214, 139—145.

- -—-—----— ---—----———---— - 

- - —-  --- ~~~
-- -- 

- - - 
- - - ---- - - - - - - - 

— ----- - -----—- - - - - - -—— ---— 
____

___
___

_____



P 
10

Table 1

Oroville Structure

Thickness , kms . Alpha km/sec. Beta km/sec. Rho gm/cm3

2.0 3.75 1.72 2.203.0 5.90 3. 11.0 2.805.0 - 6.80 3.88 3.035.0 6.80 3.88 3.035.0 6.80 3.88 3.035.0 6.80 3.88 3.038.0 6.80 3.88 3.038.0 8.00 4.40 3.268.3 8.00 4.40 3.267.5 8.09 4.6~ 3.377.5 8.09 4.65 3.3710.0 7.96 4.56 3.4210.0 7.96 4.56 3.4210.0 7.84 4.118 -
, - 3.4310.0 7.811 4.11.8 3.4310.0 7.82 11.43 3.41410.0 7.82 4.43 3.4420.0 7.86 4.41 3.4520,0 7.92 4.3 9  - 

3.4620.0 7.97 4.140 3.4820.0 8.03 4.41 3.52100.0 8.51 4.66 3.58 
—

_ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _  .7 - -
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Ta ble 3

At t enua t i on  Coef f i c i en t s  used in the Synthesis *

Perio d Rayl~ igh Loye
x10~~/km x10~~/km

75 2.10 1.20
70 2 . 0 0  1.15
65 1.90 1.05
60 1.75 0.95
55 1.60 0.90
50 1.50 0.80
45 1.35 0.70
40 - 1.30 0.60
35 1.30 0.55

1.25 - 0.50
2 5 1.25 0.40
20 1.25 0.30
19 1.3 0 0 ,25
18 1.35 0.25
17 1.40 0.20
16 1.45 0,25
15 1.50 0.25
114 1.60 0.j~
13 1.80 0 ,45
12 1.90 0,65
11 2.10 1.20
10 2.30 2 .30

9 2.70 3 .50
8 3.30 4 .70
7 5.00 5.90
6 6.10 7 .00
5 7 .20 7.60

‘ From H~ rma ri n and M I t c h e l l  (1975)

—---.7 - -
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Figure Captions

FIgure 1 Location map of the Oroville . California region
indicating some of the epicenters of the sequence.
From Morrison et al. (1976).

Figure 2 Long-period vertical component signals recorded at
the Albuquerque , New Mexico SRO station (AMNO) for
4 events from Oroville , California in August, 1975.
Relat ive signa l strength is in dicated by scale
factors Z max. The mainshock (bottom trace) is clipped.

Figu re 3 Long-period radial component signals recorded at
the Al buqu erque , N. M. SRO station (AMNO ) for 14 events
from Oroville , California in August, 1975. Relative
signal strength is indicated by scale factors R max .
The mainshock (bottom trace) is clipped.

Fieure 4 Long-period transverse component signals recorder~ a t
the Aubuquerque . N. M. SRO station (AMNO-) for Li- events
from Oroville , California in August, 1975. Relative
signal strength is Indicated by scale factors T max.
The mainshock (bottom trace) is clipped .

Fleure 5 Plot of the Croville structure employed for the
synthetic seismograms of this study. Values are
tabulated in Table 1.

Fi gure 6 Amplitude response of the Seismic Research Observatory
station in Albuquerque , New Mexico.

Fleure 7 Com parison of the observed (SRO ) and theoretical
signals at Albuquerque . N. M. for the August 1, 1975
Oroville foreshock. Source parameters for the
theoretical waveforms are given in Figure 8.

Figure 8 Comparison of observed and theoretical Love to Ray leigh
spentral ratio (L/R) for the signal shown in Figure 7.
The legend gives the source parameters (depth , strike,
dip and slip) for the theoretical waveform synthesis.

Figure 9 Comparison of the o~~~i~rv.”d (s~c-) and theoretical
signals at Albuquerque , N. M. for the August 6, 1975
Oroville aftershock. Source parameters for the
theoretical waveforms shown are given in Figure 10.

Figure 10 Comparison of observed and theoretical Love to Rayleigh
spectra l ratio (L/R) for the signal shown in Figure 9.
The legend gives the source parametercv (depth , strike ,
dip and slip) for the theoretical waveform synthesis.

- 
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Figure 11. Synthetic seismogram with same focal parameters
and source structure as Figure 7. Propogation path
structure is 35 CM2. Compare with Figure 7.

Figure 12 SynthetIc seismogram with same focal parameters
and source structure as Figure 9, Propogation path
struc ture is 35 CM2. Compare with Figure 9.
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Abs tract

We derive a shear wave crust and upper mantle structure for the

southern part of Novaya Zenlya by an application of the two event ,

single station method of Rayleigh wave phase velocity dispersion

analysis. This method provides a means of isolating the surface wave

dispersion characteristics of a remote source region using only

teleseismic recordings. The observed phase velocity data are then sys—

tematically inverted to obtain a best— fitting model . Our preferred

model has a 45 km thick crust with no shear wave low velocity zone in

the upper mantle. It is similar to published structures for the south-

ern Ural mountains and is therefore compatib le with the premise that

Novaya Zealya is a northern extension of the Urals.
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Introduction

A sequence of large, presumed, explosions detonated at Novaya

Zemlya between 1972 and 1975 generated unusually good Rayleigh wave

seismograms. A set of five recordings of these explosions made at the

Alaskan t.ong Period Array (ALPA) was used in an attempt to infer the

crust and upper mantle structure of the source region. It appears

from the epicenter information given in Table I that there are two

distinct test sites on Novaya Zemlya. The furthest from ALPA is at

the southern end of the lower island (see Figure 3). The nearer test

site is located at the fiord separating the lower island from the rest

of Novaya Zetnlya. The average distance between the two test sites is

285 km. 
-

Fortuitously, these two test sites lie nearly on a great circle

path to ALPA (shown in Figure 2). A large portion of that path

traverses the Arctic ocean basin neatly passing its way between the

North American and Eurasian continental shelves. Since the propagation

path to ALPA traverses relatively simple structures , we can expect the

effects of anomalous propagation between the nearer test site and AL—

PA, that is along the common portion of the path , to be minimal.

The combination of the above factors affords the unique opportun—

ity to isolate the phase velocity dispersion due to propagation in the

source region itself. The method , due to Alexander (1969) and used by

Taylor (1972) to study the mid—Atlantic ridge , is a modification of

the usual two station , sing le event procedure (e.g., Clover & Alex-

and er , 1969). However here, instead of finding the phase velocity

dispersion between the two stations , the combination of me station

and two events facilitates findin g th’ phase velo city dispersion in

— ——— -
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the source region.

Method

We first computed the array—averaged cross power spectrum for

different north—south pairs of events at Novaya Zemtya using a group

velocity window of 2.6 to 4.0 km/sec . Symbolically this is:

R(t) =
j=1 -t

P(w) = J R(t ) ;lwt dt (1)

Here X
3 

and Y~~are the seismogram s from the event pair 
recorded at the

1
th ALPA sensor, R is the array—averaged cross correlation function ,

and P is the resulting cross power spectrum . This can then be ex-

pressed as an amplit ude and phase:

P(~) _IP(w)~e
i
~
(
~~ (2)

If the orig inal seismograms contain common instrument and source

phases , these cancel when comput ing the cross power spectrum . IP (u ~I

then becomes the average cross power and ó(u~ is related 
to the phase

velocity in the source region , c(w), by:

— 

~~~ 
+2nIt (3)

where Deff  is the projection of the event separation on the Sr-eat cir-

cle path shown in Figure 1. Our average event separation , 285 kin, al-

loved us to pick the arbitrary integer easily by trial and error. An
3
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earth structure model is then obtained by matching its phase velocity

dispersion to that obtained by the data analysis.

Implicit in this analysis are the following four assumptions :

1. The source region can be characterized by an average plane

layered structure

2. The Rayleigh waves from all events traverse a common path

from the nearer (northern) events to the ALPA array

3. Interference due to nultipathing can be neglected

4. The source phase for the two events is identical

Data Analysis

For this stud y we had five events , three northern and two south-

ern. The pertinent epicenter information is given in Table 1 and ALPA

center sensor seismograms are shown in Figure 4. As can be seen ,

these are all large explosions which excited sufficiently strong Ray—

leigh waves , despite their non—slip source mechanisms , so that low

signal—to—noise ratios were not a problem . In order to rc~ove loca-

tion bias, all five events were relocated using P—waves observed at a

common set of 35 stations. After constraining the depth of each event

to zero , the areas of the resulting epicenter confidence error el-

lipses were all approximately 1.6 km
2. The relocation procedure was

necessary because the resulting phase velocities are strongly depen—

dent on the relative event separation . The PDE and relocated epi—

centers are plotted in Figure 3.

We read the WW SSN film chips for all five events in our attempt

to determine whether the source mechanisms were isotropic and exp lo-

sive . We found between 21 and 29 readable LP polarities for each

event all of which were compressional ; i.e., up. There was no evi—



dence of anomalous amplitud e patterns with azimuth indicative of sig-

nificant strain energy release or of propagating ruptures. Further—

more, an examination of the long period horizontal WWSSN records from

a set of stations approximately 400 from Novaya Zecnlya and well dis-

tributed in azimuth showed that no strong SH waves were excited by

these events as is commonly the case from explosions at NTS.

The phase velocity data fr om the six possible north—south event

- - pairs are shown plotted in Figure 5. The error limits are due to the

observed spread in phase velocity at each frequency. It appears that

some of this spread is the result of residual epicenter errors because

data from each event pair tended to parallel that from the others .

The m s  error of the data over the band shown in Figure 5 was 0.082

km/sec. This figure includes the bad point at 64 sec period which our

model was unable to fit. Typically, the angle between the event and

the great circle path to ALPA was approximately 70
• This lead s to a

systematic error in phase velocity of —O .75Z.

Results of the Data Inversion Experiment

We inverted the dispersion data along with its estimated errors

to obtain the theoretical dispersion curve indicated by the solid line

in Figure 5. This was done with a generalized inverse program operat-

ing on the phase velocity partial derivatives (e.g., Wiggins , 1972;

Rodt , et al., 1975). Our best fitting model , whose layer parameters

are given in Table 2, was obtained by varying the P and S velocities

of a Gutenberg continent (Dorman , et al ., 1960) starting model .

Several tries were mad e varying the crustal thickness in each case.

The best fitting model in terms of ms error of fit and absence of on—

cillations between adjacent layer parameters had a 45 km thick crust.

5
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Its ms error of fit to the mean data values was 0.045 km/sec. Howev-

er , our data can also be fit by a model with a 40 km thick crust and a

3% reduction in the shear wave velocity of the first layer below the

Motto. The ms error of this fit is slightly greater but still within

the ms error of the data.

The best fitting model is shown plotted (on a logarithmic scale)

in Figure 6. A comparison between the S velocity profiles of our

model and the Gutenberg continent starting model is shown in Figure 7.

Averag ing , or resolution , kernel s for the first four layer S veloci-

ties are shown in Figure 8. These are measures of the independ ence of

the corresponding parameter. The first three S velocities are well—

determined by this data set; however , the fourth anc , as it turns out ,

succeeding S velocities are relatively poorly resolved . Our best f it—

ting model, therefore , is principally a crust and uppermost mantle

structure. Nevertheless, the data do not require an S wave low velo-

city zone in the upper mantle in order to provide a satisfactory fit

for our preferred model.

Discussion -

There is little information available in the literature on the

crustal structure of Novaya Zemlya. Geologic maps (e.g., Yanshin,

1966) indicate that the island is a northern extension of the Ural

mountain belt. However, whereas the Urals are a generally linear

fea ture in the continental USSR , they are twisted in an S—shaped curve

towards the ed ge of the continental shelf. On Novaya Zemlya rocks of

the western Paleozoic iniogeosyncline are exposed (Hamilton , 1970).

Thus, we would infer the crustal structure of Novaya Zemlya to be a

modified version of the Ural mountains structure.

6
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Contour maps of crustal thickness for the USSR , reprod uced as

Figures 9 and 10, (Kosainskaya , at al., 1969; Volvovskii, 1973) clear-

ly show the relation of Novaya Zemlya to the Ural mountain belt. How-

ever both indicate , from the plotted contours , that the crust in the

southernmost island is between 35 and 40 km thick. The map by Kosmin—

skaya et al. includes all of Novaya Zemlya between the 35 and 40 km

thick contours. On the other hand , the map by Volvovskii, presumably

the result of more analysis, places the 35 km contour near the fiord

separating the southern island from the rest of Novaya Zemlya . Howev-

er , the deep seism ic sounding profiles ind icated by Kosminskaya et

*1., which were used to produce these maps , are all well to the south

of Novaya Zemlya. A crustal thickness of 50 km is indicated for the

southern Urals, based on the work of Khalevin , et al. (1966). They

also give the P velocities just above and just below the Motto as 6.4

and 8.2 km/sec respectively.

The Novaya Zemlya structural model we present here (Table 2)

agrees in some respects with that derived by 1O~alevin , et al. (1966)

for the southern Urals. In particular , our crustal thickness is 45 km

compared to 50 kin, our lower crust P velocity is 6.55 km/sec compared

to 6.4 1cm/nec, and our Moho P velocity is 8.18 compared to 8.2 km/sec.

Also, our third layer is 26 kin thick while theirs is 32 km thick. Un—

fortunately there appear to be no pertinent S velocities available for

compar ison and , since our model is primarily an S wave structure ,

these would be desirable to have. j
Conclusions

We have demonstrated a method for isolating the Rayleigh wave

phase velocity dispersion of a source region from teleseismic Raylei gh
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wave recordings and applied it to the southern island in Novaya Zen—

lya. The preferred crust and upper mantle structure we derived by in-

verting our phase velocity data is characterized by a 45 km thick

crust and the absence of a shear wave low velocity zone in the upper

mantle. Although little information is available in the literature

concerning the crustal structure of Novaya Zemlya , our structure is

compatible published P—wave structures for the southern Ural moun—

tains. We conclude that this method is capable of providing reliable

information about inaccessable source region structures.
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TABLE 1

PDE Epicenters

Event Origin Time Latitude Longitude mb

8/28/12 05 59 56.5 73.31~ 55.09 6.3

U/2/7~4 O~ 59 56.7 70.82 51~.06 6.1

8/23/75 08 59 57.9 73.37 514 .614 6. 14

10/18/75 o8 59 56.3 70.814 53.69 6.1

10/21/75 11 59 51.3 73~35 
55.08 6.5

i

i
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TABLE 2

Novaya Zemly a Structural Model Layer Parameters

Layer Thickness P Velocity S Velocity Density

(km ) (km/sec ) (km/see ) (km/sec )

1 9 6.01 2.83 2.714

2 10 6.13 3.16 2.714

3 26 6.55 3.98 3.00

14 32 8.18 14.36 3.33

5 30 8.01 14.145 3.37

6 75 7.90 14.1414 3.142

7 75 8.10 14.145 3.148

8 100 8.50 14.60 3.55

9 100 9.00 14.95 3.65

10 9.75 5.37 3.95 
.7 
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A static and dynamic finite element anal ysis of the
1971 San Fernando , California , earthquake

D. W. McCowan * Applied Seismology Group. Lincoln Labora tory.
Massachusetts Institute of Technology, Lexington., Massachusetts 021 73. (/5.4

P. Glover and S. S. Alexander Geophysias Secti~~. Depamnent of
Geosciences, Pennsylvania State University, University Park , Pennsylvania 16802. USA

Received 1976 August 5;in original form 1976 February 22

Summary. A two-dimensional finite element model was developed for the
source region of the San Fernando earthquake. Stochastic inversion of the
surface displacement data of Alewine was carried out to obtain estimates of
the displacements and stress drops along the actual fault surface in the finite
element model. We calculate an average slip of 222 cm with a rms fit to the
data of 8 cm. The average computed stress drop was 290 bar , with a maxi-
mum of 650 bar. Using these calculated stresses in a dynamic model of the
earthquake , we compute theoretical accelerograms for the Pacoinia Dam site.
For frequencies less than 2 Hz, we found that the observed accelerograms
were fitted best by a model with a propaga t ing source having a rupture velo-
city of approx imately 2.5 km s~’. These results suggest that the dynamic
finite element method can be used to estimate strong earthquake ground
motion fro m extended sources (earthquakes) in many different complex geo-
logic st ructures.

Int roduction
The San Fernando, California earthquake of 1971 February 9 provided seismologists with a
large quantity of unusually accurate near- field observational data. De3pite the numerous
investigations to date , there remains considerable controve rsy about its fault mechanism
particularly the rupture history and the identificatio n of individual seismic phases in the
accelerograms. The present study is not intended to settle the controversy. Rather , we
demonstrate how a two-step pro cedure : (I) an inversion calculation based on a static two-
dimensional finite element method (FEM) with a simple mesh configuration and faul t ing
model and , (ii) a dynamic finite element (DFEM) calculation with the same model , can be
used to predict ground motion for extended earthquake sources such as the San Fernando
event. In constructing best-fitting models , both static and dynamic , for the San Fernando
earthquake , considerable insigh t is gained as to the nature of the faulting process and the
interpretation of the energy arrivals recorded by the Pacoima Dam accelerograms.
* Formerly at : Geophysics Section , Department of Geosciences, Pennsylvania State University, University
Park , Pennsylvania 16802 , USA.
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Choke of FEM mesh and fault model

Studies of the fault-plane solutions for the main San Fernando event and the aftershock
sequence (Allen ci a!. 1971; Wesson , Lee and Gibbs 1971; Wyss & Hanks 1972; Whi tcomb
ci at 1973; Hanks 1974) indicate that faulting took place on a three-dimensional curved
surface dipping 20—25° nea r the Earth’s surface and increasing to 50—55 ° with depth. The
hypocentre is placed at depths of 8—1 3 km by these authors . The maximum width of the
initial fault , estimated from the spatial distribution of the aftershock sequence, is 15 km.
The fault plane solutions such as Whitcomb (1971) obtained (strik e N o.4° W , dip 52° NE ,
rake 64°) and the observed ground displacements both indicate that the fault mechanism
was predomin antly thrusting in a south-west direction.

In order to make our finite element experiment computationally feasible, it is necessary
to develop a two-dimensional model of this fault and its surrounding geologic structure .
Jungels & Frazier (1973) have shown that a test of the applicability of two-d imensional
(plane strain) analysis is the ratio of the fault lengt h to fault width of the actual earthquake
being modelled. For models where this ratio is greater than unity, they found that plane
strain analysis is accurate to within a few per cent. If we construct a model with a focal
depth for the initial point of rupture at 9.5 km, with a fault plane dipping at 45°, we get
13.4 km for the fault length and the aspect ratio is approximately one. This, of course , is
only a geometric criterion as to the appropri ateness of the plane strain approximation.
However , the fact that the fault mechanism indicates a predominance of thrust faulting
suggests that by considering a profile perpendicular to the strike of the faulting, we may
ignore edge effects.

To construct our finite element model , we consider the geologic structure along the
prof ile A—B in Fig. 1. In the region of the San Fernando fault , the pro file which passes
through the epicentre and the Pacoima Dam, corresponds to the BB’ profile of Jungels &
Frazier (1973) as well as the pro f ile used by Alewine & Jordan (1973).

Fig. 2 shows the actual finite element mesh superimposed on the geologic profiles. The
elastic properties of the six rock types were obtained from well-drilling data published by
Duke et at (1971). The large elements are placed around the periphe ry of the mesh to elimi-
nate reflections in the dynamic calculations given below. No attempt was made , there fore ,
to include mantle structure in the mesh.

The fault model , which is similar to that used by Espinoza , Harding & Lopez-Arroyo
( 1973), allows the fault surfaces to move along planes at 45° to the Earth’s surface . Further-
more , only the San Fernando fault is allowed to move ; i.e. the San Gabriel fault remains
locked . Fig. 3 is a schematic diagram of the kinematics of this fault model. In the figure , the
direction of motion of the two fault surfaces is indicated by the unit vectors n1 and n~.

Obviously this is not a very complicated fault model. It consists of only a single unbent
fault whose plane of motion is ‘locked’ into the mesh , i.e. not permitted to warp or translate
relative to the coordinate system. The stresses necessary to deform the mesh into its fInal
configuration are taken to be the negative of the tectonic stresses which were released by the
eart hquake. For the model , the st resses are applied to produce the deformation. But , for the
earthquake , the excess tecto nic stresses are bal anced by equal and opposite frictional stresses
along the fault until they are removed by the physical fault mechanism which produced the
earthquake. Thus, although stress in our model is applie d rather than released , the values are
eq uivalent. Historically, this description of the faulting process is due to Reid (republished
1969) and is known as the elastic rebound theory . With the advent of the ‘new global tec-
tonics’, it is the generally accepted (simpli fied) description of the mechanism of earth-
quakes (Brune 1974).
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Iiguze 3. Schematic diagram of th. fault model showing double row of nudes wh ich are constrained to
mov e parallel to the fault.

Stat ic finite element analysis
Taken together , the mesh and fault model provide the basis of a straightforward static FEM
problem in the fo rm of
K x f  (1 )
where K represents the stiffness matr ix for the mesh, which is itself composed of individual
ele ment stiffnesses computed from the static properties of’ each element material (e.g. see
Zienkiewicz 1971; McCowan 1975 for computational details), x is the vector of node point
displacements , and f is the node point force vector (the unknown in our problem) which
generates the displacements. Formally we may rewrite (1) as

( 2)
and ask: given a set of known displacements x5 what are the corresponding forces f’~ For
this static problem , the appropriate rhs vector is a profile of surface disp lacements. Applying
this approach to the San Fernando earthquake , we used t he vertical surface displacements
reported by Alewlne (1974) which were obtained from levelling and gravity surveys.

To set up a canonical inverse problem , equation (1) must first be mani pulated in order to
separate the known from unknown quantities. This can be done through partitioning. By
identifying the vertical surface and fault displacements in the node disp lacement vector x
and the fault forces in the force vector f , the system can be written:

K x = f

Xq Jr

X5 0
(3)

x — = —-I

0

- -
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168 D. W. Mc Co wan. P. Glower and S. S. Alexander
whe re the displacements of the remaining nodes in the mesh are in X R and the forces on all
the nodes in the mesh not on the fault surface are zero. This problem can be formulated as
an Inverse problem by ‘solving~ t he equations to give

a a K I  f
— _ _ _ _ _ _ _ _ _

X~

B

— — — x — (4)

0

where the inverse stiffne ss matrix (sometimes called the compliance matrix) has been parti-
tioned in the same way as the vectors. The vertical surface displacements of the problem are
therefore related to the generating force system acting on the fault nodes by

Bf~a rg (5)

The B matrix is the FEM Green ’s function for the earthquake , i.e. it is the set of vertical
displacement profiles for a set of unit forces on the fault nodes.

Equation (5) now has the three key elements of a linear inverse experiment . It has a
‘theory ’, expressed in terms of the matrix B, which is to be used in explaining the data. It
has a ‘model’ in terms of the fault force vector f ~ which constitutes the set of unknowns in
the experiment , i.e. the set of actual values of the parameters needed to complete the
theory. Thirdly , ft produces a trial ‘data ’ vector a1 for each model by the indicated matrix
multiplication which can be compared with the actual data vector to judge the accuracy of
the ‘fit ’. Expressed in this form , the experiment can be inverted by standard optimization
methods to yield a description of the fault behaviour. Because the problem is overdeter-
mined (47 data points are to be explained by 25 unknowns), the weighted least-squares
(WLS) procedure is the obvious first approach. It has the advantage that additional informa-
tion is introduced into the estimate by including the relat ive erro rs of observation in the
data. A summary of this method is presented in the Appendix.

Fig. 4 shows the vertical displacements of the free surface calculated along the pro file.
Also shown in Fig. 4 are the observed data points which are represented by circles . The lines
in the circles are the estimated observational errors. ‘l’his solution fits the observed data with
an m i s  error of 2.5 cm. Fig. 5 shows the corresponding slip along the fault as a function of
depth. It is obvious that , although the rms error of the overall fit is small, the calculated slip
on the fault , with maximum values of 210 m, is quite unrealistic. These slips correspond to
calculated stress drops of the order of tens of kiobars which are not plausible in a shallow
earthquake.

_ _ _

~

i-j

~ 

j I__ _ ._~~~ ~~ --—-~~~~~~~- ---- ~~~~ - - -~~~~



F — -

~

--
~~~~

- -•- -

~

,.--.-- . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.. -

~~
—-— .

~~~
-—

~~
-

~~~~~
— -—- -- --.-------

Analysis of the 1971 CalIfornia earthquake 169
‘a

-

~~ DOWN

___________________ 
1_~~-. I - -

.5’ 
V

— p
• 3L1

C., -

‘~
‘4.. 1 — I —L — —, ~

__._
- t 2. 20 -24 . 0 0  -16. 02 —5.~~0 0 2 :  ~. O 2  ‘~~. 0 C  :-;. c c  u.::

O l S T ~~NC E A L O N G  PRCF l IE  ( K V

F~iu. 4. Stat ic vertical displacement of the free surface . Displacements calculated from the FEM model
using WLS approach are indicated by the solid tine, the circles represent the observed data fro m Alewine
(1974), the vertical bars indicate the uncertainty in the latter.

C
C
C

C

ci
C
C.

C
C
ci

‘-‘ CC

-J

I I3. 30 ~~. 00 4 . 30 6. 00 5. CO ‘0 .  20 3. 22  14 . 00 16. 00
D I S T A N C E  A L O N G  F~’LL T (K~A )

F~ tsre 5. RelatIve displacement along the fault surface calculated from the FEM model using WLS
approach.

6

- ~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~ 11111



- —‘-— - - ——- — -~ -~~ - —~ ----.------—-— ——~~— ,~~~~~~~~~~~~~ _. -
~ 

—
~~~

-.‘-.-.----- — — .-—;.--
~ 

- 

--

170 D. W. McCo wan, P. Glove, and S. £ Alexander
The difficulty with the WLS approach is that the theory is not capable of accurately

representing the behaviour of the surface and faul t plane at the same time. In other words.
the equations are underconst rained. One way out of this difficulty (aside from constructing
a whole new FEM model with different assumptions) is to relax the ‘theory ’ by adding a
tradeoff correction term to the least-squares procedure . The method , weighted least-squares
with tradeo ff correction (WLSTC), is a result of treating the inversion procedure as a
stochastic process which allows errors in the theory as well as erro rs in the data when formu-
lating the least-squares equations. In this form, it is due to Foster (1961) but it is also related
to other inversion procedures (e.g. Backus & Gilbert 1970 ; Jordan & Franklin 1971). A dis-
cussion of this method is also included in the Appendix .

To implement the stochastic inverse procedure , it is necessary to determine an appropri-
ate value ~ör the tradeoff parameter a. From equation (A7), It is apparent that a depends on
the coefficient matrix B. Unfortunately no general way to set a seems to work , b ut a very
good t rial and error proced ure can be applied. If the magnitude of the estimate vector I t’ I is
plotted against the rms error of the fit

a’i j~~ IBf—;12

where M is the number of surface displacement observa t ions a,, a curve results which
resembles a hyperbola. This curve , for the San Fernando earthquake problem, is shown in
FIg. 6. M Gilbert (1970) noted : ‘the place to be is down at the corne r ’ (of the tradeo ff
curve). Thus the ‘optimum’ value of a in this case, a 1 x 10_to , produces an estimate of f
which, lit terms of slope, is halfway between the two extremes of the curve.
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F~uze 6. Trade-off par ameter curve. The value of the tradeoff parame ter a I x l 0 ’  is optimum.
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The resuits of using the WLSTC procedure for this optimum value of the trade-off para-

meter a are shown in FIgs 7— 10. Fig. 7 shows the calculated and observed vertical surface
- issplacements. The rms error in fitting the observed data is now 8.0 cm. The most visible
effect of using the optimum tradeoff correction is not forcing the model to fit the two dat a
points approximately 9 km north-east of the surface faulting. The corresponding horizontal
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FIgure 7. Static vertical displacements of free surface calculated using optimum value of a in the WLSTC
procedu re.
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turface disp lacements are shown in Fig - 8. Here the use of the tradeotT par ameter results
in a displacement pro fl.le closely resembling that ot’ an ideal thrust fault. The calculated dis-
placements along the fault surface are shown in Fig. 9 . The maximum slip is now 4. 5 m at ,i
point I .56 km down the faul t , with ~ second local max unum of 3 1’ m located at 7.23 km
down the fault. The maximum computed stress drop (Fig. 10) is o50 bar , at a point 2 4  km
fro m the free surfa ce. The average stress dro p is 290 b a r .  (The apparent peak in the stre ss
drop at the su rface , indicated by the dashed part of the curve in Fig. 10, should be disre-
garded as it is an artefa ct of the way stress is computed from the spatia l der ivat ives of the
displacement solution. )

As a check , we recomputed an inverse solution using a tradeoff parameter equal to one.
fifth ol the optimum v*lue . The mis fit of this solution was 5. 7 cm. The fault slip and stress
drop which resulted from the non-optimum tradeo ff-corrected model follow the overall
behaviour o the cor responding optimum soLutions. Thus , over the range shown in these
exam ples . the pr incipal results of the WLSTC models are relatively insensitive to a change
in the tradeoff parameter of a factor of 5 in the vicinity of the ‘optimum ’ value.

Dynamic finite element analysis

If the mesh does not change with time , then the dynamical problem mesh can be developed
(rum the static case by simply assigning m ass and damping to each element. These quantities ,
however, must be distributed throughout each element in a manner consistent with the stiff-
ness distributio n (MoCowan 1975). The resulting set of equations is

Ma + Dv + K x f

where M and D are the mass and damping matrices and a and v are the node point accelera-
lion and velocity vectors, respectively. To complete the definition if the prob lem . relations
linking acceleratio n and velocit~ to displacement must be supp lied. A common set of such
relations are the finite difference equations due to Newmark (I~~ Q)

h
‘~~• i  y,, + — ( ~~,, i-a,, ,1 )

~~~ •x , +v ,,h+(~ —.~f lh2 a,, +~h a ,,, 1
where ~3 is the integration parameter , and h the integration tim e step With these equati ons
a , v , and a at time ii + i can be computed fro m their values at t ime ti Throughout . a value

~3 ~ 0 25 was used as this leads to an uncondit ionally stable integration scheme McCowan
191’S). The integration time step h was chosen so as not to exceed the Courant limit given by

d
h

a

where a is P-wave velocity , and d is the smallest mesh spacing. A damping matr ix app iopr iate
to this integration scheme and suitable for use in problems concerned with Rayleig h ~ a’.es
(F razle r et aL l973 ;M2Cowan l~ 75) is

It
D -K.

In this form , the damping matrix attenuates waves pro portion al to their frequency squared
and its effects ire most pronounced in coarse regions of the mesh . Since the large elements
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in Fig. 2 are placed around the periphery of the mesh to prevent reflections from the bound-
aries occurring durin g the time window of interest , the effect of damping is minimal in the
region of the Pacoima Dam.

The optimum fault force model derived from the static calculation above provides
importan t constraints on the dynamics of the San Fernando earthquake. Specifically , it
limits the number of possible dynamic faul t models by setting the asymptotic behaviour of
the faulting process. That is, the force time history acting on each fault node must approach
the calculated static value for large times. The time history itself is therefore an unknown in
the dynamic inversion experiment. Unfortunately , the numbe r of possible time histories is
too Large to be economically inverted by formal methods so the problem was parameterized
by assuming various functional forms for the stress time history and comparing the observed
and calculated accelerograms.

The simplest earthquake stress time history is a propagating step function of applied
stress. Following Hanks (1974), the initial rupture is placed in the hypocentral region and is
assumed to propagate along the fault towards the surface. As the rupture reaches each faul t
node , the applied force goes to the static or asymptotic value instantaneously. Symbolically ,
this source-time function is

f(s, t) f.,(s)H(t — s/YR)

where s is the dist ance along the fault from the hypocentre , f . is the static force , H is the
unit Heaviside step function , and ~R is the rupture velocity. In this idealized earthquake
mechanism model, the only undetermined parameter is the rupture velocity.

The results of trying two rupture velocities, 2.0 and 2.5 km s~ are presented in Figs
11—17 . Fig. 11 is a pair of perspective plots of the horizontal and vertical components of
surface displacement along the profile indicated by dashes in Fig. 2 for the 2.5 kms~ rup-
ture velocity. The corresponding plots for the 2.0-km s~ case (not shown) are similar. It
appears that most of the energy intersects the surface as a vertically travelling wave because
the apparent velocity of the principal disturbance on the surface (> 10 km s_i) is higher than
the P-wave velocity in any element of the mesh . There is no evidence of significant energy
propagating along the Earth’s sur face from the fault break towards the Pacoima Dam. The
perspective plots also show that the surface motion has a local maximum near Pacoima Dam.
Ground motion on either side of this peak is about a third smaller than at the Pacoima Dam
node.

Fig. 12 is a schematic diagram of possible energy paths from the hypocentre to the
Pacoima Dam . The travel times ti and t~ are for the direct P and S waves. Times t 3 and t4
include the time of the rupture propagating up the fault and the time of seismic energy to
propagate from the fault to the Pacoima Dam . For the r3 path , the seismic energy is assumed
to propagate as a shear wave from the point on the fault nearest the Pacoima Dam. The t4
path is the time of a Rayle igh wave to reach the receiver from the fault after the rupture has
broken the surface, These times are indicated on the figures which follow showing the
calculated ground motion at the Pacoima Dam location.

The principal results of the dynamic experiment are shown in Figs 13—16. Both compon-
ents of acceleration , velocity, and displacement are plotted for each of the two rupture
velocities. The major arrival for both cases occurs around t3. The direct P and S body-wave
phases are smaller than the t 3 arrival by an order of magnitude in both cases. Furthermore ,
the result noticed on the perspective plot s is confirmed : there are no large amplitude phases
at or later than t 3. The part icle motion of the t 3 part of the time history is up and south for
both rupture velocities , i.e. parallel to that of the hangin g wall side of the fault. This is con-
sistent with the arrival being due to a shear wave propagating up and nort h in a direction
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SURFACE
FAULTING PD

Fj ure l2 Possible energy paths from hypocentre to Pacoima Dam.

perpendicular to the fault. Clearly then , this source model favours the t 3 arrival hypothesis :
the principal energy reaching Pacoima Dam is the result of the shear waves generated by the
rupturing in the region of the fault nearest the receiver.

A comparison of the computed accelerograms with those observed at Pacoima Dam is
presented in Fig . 17. The observed accelerogranis hav e been low-pass filtered with a phase-
less filter having a corner frequency of 2 Hz and a rolloff of 12 dB/octave . This was done in
order to limit the frequency content of the observed data to that of the DFEM calculations ,
the latter being restricte d by the resolution of the mesh . In addition , the Low-pass tIlterin g
removes those frequencies from the observed acceLerograrns most likely to have been
affected by topography at the receiver site (b ore 1973; Wong & Jennings 1975).

The Pacoima Dam accelerograms seem to have been triggered by the direct P arrival, a
result indicated by the existence of high frequency energy early in the record (I-lanka 1974).
The computed accelerograms, howeve r , begin at the initial rupture time. So. if Hanks ’ infer-
ence is correct , the trace s can be properly aligned by subtracting the P trave L time (about 2 s)
from our computed accelerograms. Doing this brings the large arrival occurring at 5 s on the
Pacoima Dam accelerograms into correspondence with the r 3 phase for the 2.5 km s~ rup-
ture velocity. The peak to peak amplitudes agree with 18 and 44) per cent for the vertical
and horizontal respectively. The 2.0 kms ’ r upture velocity case is characterized by a 13
phase arriving a second or two later and agreeing in amplitude within 33 and 8 per cent for
the vertical and horizontal . These amplitudes are generally within the accuracy expected of
the method (McCowan 1975). The timing of the t 3 arrival , though , tends to support the
higher rupture velocity hypothesis. Based on these results we can infer that the stress step
assumption is acceptable for representing the dynamic response at frequencies below 2 lIz
and that the method can be used to predict approximately the spatial and temporal distri-
bution of ground motion in complicated geologic settings.

Discussion

It is Instructive to compare our static FEM results with those obtained by previous investi-
gators . Several authors examined the San Fernando earth quake problems by inverting
analytic or piecewise-analyt ic solutions. All employed three-dimens ional fau l t  models in
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homogeneous media. Canitez & Toksoz (1972) and Alewin e & Jordan (1973) found static
solutions in a halfspace which were derived from surface displaceme nt data. Both models
produced ave r age fault slips of about 3 m. The rrns error of Alewine & Jordan ’s fit was 6 cm.
Boore & Zoback (1974) and Trifunac (1974) derived dynamic models from the strong-
motion accelerograph data. Boore & Zoback fitted the peak velocity in the data with a dyna-
m A c  model which agreed with that of Alewine & Jordan in the static limit. Trifunac used a
wholespace solution which he subsequently doubled to simulate the effect of the free
surface. He obtained a higher average slip ot~ 8—10 m. In contrast , Jungels & Frazier (1973)
inverted the observed static surface displacement data with a FEM model by direct methods .
i.e. ‘trial and error’. Their model gave an average faul t slip much the same as that obtained
by Alewine & Jord an . Thus, with the exception of the work by Trifun ac, our results for the
relative displacements along the fault plane , 2.2 m on average , are in excellent agreement
with those obtained by previous in vestigators , as is the mis erro r of ou r fit; 8.0 cm for the
optimum solution.

The slip and fault dimensions can be used to compute the seismic moment
M,~” p SA
where ii is the shear modulus in the fault zone, S is the average slip or displacement across
the fault , and A is the faulted area. Since our model is two-dimensional , and because both S
and p vaxy along the fault , we may compute the seismic moment per kilometre of fault
length

~‘ssrfaca
M l0~ ~ 

p(x)S(x)dx
Jhypo oenue

where p is in units of dyne cm 2 , S and x are in cm. From the slips given in Fig. 9 and the
seismic parameters of our model (Fig. 2), we obtain M = 0.27 x 10 25 dyne cm per kin of fault
width , which is a factor of 3 less than the value obtained by Jungels & Frazier (1973) from
their pro file BB’. If we assume the faulted area to be 15 kin wide , than the seismic moment
given by our results is ,14 4.0 x 1023 dyne cm. This value is in general agreemen t with the
values obtained by other investigators : Wyss & Hanks (1972), Alewine (1974), and Hanks
(1974), for example.

Estimates for the stress drop durin g the San Fernando earthquake vary . Wyss & Hanks
(1972) calculated the stress drop to be 14 bar from teleseismic body-wave data. Canitez &
Toksoz (1972) estimated the stress drop to be 70 bar. Jungels & Frazier (1972) estimated
the stress drop to be approximately 25 bar. Alewine & Jordan (1974) did not calculate the
average stress drop, but more recent work (Alewine , private communication) indicates that
it is on the order of 100—200 bar. In a reinterpretation of the Pacoima Dam accelerograms ,
Flanks (1974) has postulated massive stress dro ps of 350—1400 bar localized in the hypo-
central region. Our static results, computed directly fro m the finite element model , give an
average stress drop of 290 bar with a maximum of 650 bar and support the higher values
repo rted by Alewine & Flanks. However , in our model , the highest st ress drop is not located
at the initial point of rupture .

The higher stress drops are also supported by the dynamic results. Because the FEM prob-
lem is linear, an average stress dro p of 30 bar , would produce , for any reaso nable rupture
velocity, maximum computed accelerations one tenth the value of those observed. The
dynami c models predict that the major , low-frequency energy in the early par t of the
Pacoima Dam accelerog ranis is due to shear waves generated as the rupture propagates up
the fault surface to points nearest the receiver at Pacoim a Dam. Although the rupture radi-
ates all alon g the fault surface, the peak amplitude in the accelerograms predicted by this
model is due to S.wave energy propagating from the point on the fault nearest the receiver.

~
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The predicted amplitudes are generally in agreement with those observed for the correspond-
ing portion ~~ the Pacoimna records and the calculated vs observed arrival umes indicate a
rupture velocity neare r to 2.5 km s~ than 2.0 km s~~.

The t 3 arrival hypothesis advanced by this DFEM model agrees with the results presented
by Bolt (1972) who found that diffe rent frequency bands in the Pacoima Dam accelero-
grams contained different energy arrivals . In particular , energy originatin g from the rupture
as it propagated up the fault predominatcs below 2 Hz. Thus our dynamic model, con-
straine d to low frequencies by virtue of its limited bandwidth , corresponds to and agrees
wi t h Bolt s interpret ation of the data.

The local maximum in the surfac e motion near Pacoima Darn shown in Fig. 11 appears
in similar halfspace problems run by Geller & Frazier (1976). In our model , the e ffect may
have bee n accentuated by the high impedance contrast across the iearby geologic contac t
between the sediments of the Modelo form ation and the cx -vsta lline rocks (granite) to the
nort h (see Fig. 2). GeLle r & Frazier also found the effec t of crustal st ructure on the ir corn-
puted w aveforms to be significant.

All these results are , of course , dependent on the FEM mesh design , its resolution , and
number of degrees of freedom , as well as the assumptions implicit in the dynamics of the
fault model. In the region of the fault and Pacoima Dam , the average mesh spacing was on
the order of 10 nodes per wavelengt h of the body waves being propagated . TIus figure is
commonly used as a criterio n for accuracy in DFEM calculations (e.g McCowan 1975 ;
Geller & Frazier 1976). A finer mesh would immediately serve to extend the frequency con-
tent of the arriva ls beyond the present 2-Hz limit.

The effects of mesh coarseness on static FEM calculations are more difficult to assess.
There is much civil enginee ring literature and lore on the subject (e.g. Zicnk iewicz l’~7 I ) .  As
a general rule , coarser elements exhibit more stiffness in linear elastic proble ms. Thus the
unknown force vector in equation (5)  and the corresponding stresses in Fig . 10 may be arti ’
ficially large in our model. How much so can be estimated by noting , as above , that our fa ul t
slip solution generally agrees in magnitude with that from other Investi gators . Then the
average strain from 7 to 13km down the faul t is appro ximately 5 s l0~ (see Fig. ‘3) .  t siiig a
shea r modulus t’or gra nite appropriate to our structure . ~z = 4 s I0~ d y n e  cnf ~. gives an
average stress difference of 200 bar in this region of the faul t .  Thus to believe fault slips as
we and others predict , means the stre sses must be on the order of hundreds of bars. Any
improvement due to mesh re finement cannot be substantial when the fault ot ’tse t and
st resse s agree as they do.

Against this must be balanced the etfect s of our two-dimens ional model Since the pro file
shown in Fi g. 1 passes through the eart hquake epicentre . ~‘ur computed st resses in Fig. 10
wil l be the maximum occurring anywhere on the fault sur tac ~ Stresses average d s~~~~t t ;-e
horizo ntal extent of the fault must be somewhat smaller

The resu lts of this FEM experiment . wit h its smal l mesh and idealized fault model .
demonstrate that it is feasible to pred ict the spat ial m d  tenq -voral dis tr ibut i on of gr ound
motion for earthquakes in other compl icated geologic settings w i t h  .i r easo na ble ~omput a-
tional effort . While a similar treatment of thre e-d imensi on al heteto geneou s st u c t u i e s  can be
readily developed, the comput ational ~t tor t  i nvolved is p thi h it  ly e ~s~~-p on th e Liigest - and
fastest digit a l computers pre sen tly ava i la ble.
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Appendix

Leastiquates method with tradeoff correction

The usual least-squares procedure for estimating the solution of the M by .V(M > N) system
of linear equations

Bf x + e  (Al )

where B is the At by N coefficient matrix , f is the vector of estimates. it is the vect or of
observations , and e is a vector of errors in each observation , consists of min imizing the mean
squared error in the system

(eTe) ~ (x ’
~ — fTBT ) (BI — it). (A.~)

The minimization leads to the familiar equation for the estimate off
f a (B T8)~~BT x (A3)

provided that BTB is non-s ingular.
A simple modi fication of this procedure consists of weightin g the contribution of each

equation to the mean squared error by its own erro r of obse rvati on. Thus, if

(A4 )

is the var ia.nce-covari ance matrix , the mean squared error becomes

(x~ f T8T )~~~i (Bf — it). (AS)

The stoch astic inve rse of the matrix B detmned by Foster ( 1961) can be though t at’ as
that due to adding a ‘tradeoff’ term (a) into equation (A5) as follows

!. (XT _ f TBT ) E_ 1 (M x) + !~~~T f (Ab)
M M

Thus a controls how much of the additio nal term the mean squared error ‘sees’. Minimiza-
tion of this expression gives

fa (BT E’~~8 + af ’f ’BTE ’ i t.  (A7)

If the errors in the observations are uncorrelated , then the matrsx E is diagonal and the non-
zero elements are simply the weights in the estimate.
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A FAST , ACCURATE METHOD FOR CO M PL 1 IN(j  ( iROUP-VELOCITY
PARTIAL DERIVATIVES FOR RAYL E IG H A ND I 0V 1 MODES

By W . L. Root . P . GLOVER . T. M, C. Li, A \i ) S. S. ALFXA ~~DER

ABSTRACT

A method for quickly and accurate ly calculat ing Ray leigh- and Love-mode
grou p-velocity partial deri vatives with respect to model Parameters (m) is

developed . The method requires computer codes that calcul a te C. U, and

i7C
and emp loys namerical differentiation of to y ield - The method is

tin

fast because and for all the model parameters can be obtained at ai1m ,~

given frequenc y from only two solutions of the period equation. The accuracy
of the method is establ ished with t wo examp les. For Love waxes, the group-
velocity partials compute d by this method agree exactly with those obtained
analytically by Novotny (1970). For Rayleigh waves, comparison with a “brute
force ” calculation of group- velocity partials showed agreement to the order of
0.0C 002. System atic inversion of group -velocity data separately or in combination
with phase -velocity data is computa tiona lly feasible using this method.

INTR0DuC 1 ION

The development of l inear in serse theory (for examp le . Foster. 196 1 Frankl in . 1970 :
Ba ckus and Gilbert,  1 970 : Wi gg ins , 1972 : Jordan. 1973) has made it possible to deduce
earth structure s from a var ie t y  of seismological data. The successfu l app lication of this
theory requires a comput ational ly efficient method for rep eate dly generatin g partial
derivatives of the data predicted h~ an earth model wi th  respect to the parameters of that
model. This paper otTers an efficient method for computing partia l derivatives of
Rayl ei gh- and Los e-wave group velocity for a h ori z onta l ly strat i fied earth model. The
method is accurate and readil y implemented using any ex is t in g computer program that
calculates phase velocity, group velocity, and phase-velocity part ial s with respect to
model parame ters.

Compared to phase-velocity partia l s , group-velocity partia ls have proved cumbersome
and t ime-consuming to compute. Also , the most efficient of the presentl y available
techniques to compute group-ve locity partia ls applies to Love waves but not
Raylei gh waves. This has prevented the calculation of Ray lei gh-wave group-velocity
parti als on a routine basis. A brief review of the available methods , presented below in
order of incre asing efficiency . wi l l  point out these difficulties.

Fi rst , the “brute force” approx imation to group-velocity partial derivatives can be
obtained by calculating the changes in group velocity at each frequency caused by the
separate perturbation of each model parameter. This method can be used for both Love
and Rayleigh modes but is very time-consuming .

Second . Novotny ( 1970) derived exact expressions for Lose-~~dve group-velocity
partial s for a horiz onta t ly layered earth model. His expressions involve first and second
derivatives of the root e ;uation with respec t to phase velocity, frequency, and the model

1105
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parameters. N o sotny evaluates these derivatives in terms of first and second der ivatives
~~ the Thomson-Ha ske ll layer matrices (Haske l l , l953). The computer time required to
generate all the necessary layer matrix derivative s and to perform the many matrix
mul t i plications needed is considerable.

Third . H arkr ider ( 1968) and Anderson and Harkr ider ( 1968) derived exact expressions
for Lov e-wa se group-velocity partials in a diffe rent way. By using the variational princi p le ,
they s~ere able to express the partials in terms of first derivatives of energy integrals.
Because onl y first derivatives of the layer matrices are required , their method requires
fewer c.slcu lations than Novotny ’s. This , to our knowled ge, has not been applied to
Rayleigh waves.

F ina l l y ,  a method due to K osloff(l97 5) for approximating Love-wave group-velocity
pa r t ia l ’~ reduces the number ofcalculat ions even further. Using second-order perturbation ,
Kosloff ( 1975) expresses the partial s in terms of a sum of energy integrals for all of the
modes at .~ given wave number or frequency. He emp loys a scheme to eliminate leak y
modes and force the sum to converge in five or fewer terms; thus the method requires
approxim atel ~ four or five root calculation s per frequency (Kosloff , 1975).

The method for obtaining group-velocity p artials described in this paper works for
any Ray lei gh- or Love-wave mode. It requires onl y the calculation of a double set of
roots and phase-velocity partials to obtain group-velocity partials for all model para-
meters at a given frequency. The basis for the method is the theoretical relationshi p
between group- and phase-velocity partial derivatives which is derived in the next
section.

THEORY
Define U to be the group velocity and C to be the phase velocity at a frequency w.

Let and , respectivel y, be the derivatives with respect to a model parameter rn
cm ,,, m

holding w fixed , of group and phase velocity.
By ignoring all the model parameters of a layered half-space except rn , C can be

written as a function ofw and m
C=f (w , rn) ( I)

where C is a root of the period equation

F(C,a , r n ) = O .  (2)
If the function) ’2 is defined to be the partial derivative of [with respect to its second

argument , then
(.C~ =f2 (w , rn). (3)
rm

Simi larl y, the derivative of phase velocity with respect to w is given by

(C
=f 1(w , rn). (4)

Now let U and be values of the functions g and g2
cm

U = g(w, in) (5)
( U  

= g2(w , r n) .  (6)
(in ,.,

L. . 
. . ~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . - ---—- -—.-—---~~~-...---- - - - - - - - - -- -- -----



CALCU LATION OF RAYL EIGH- AND LOVt -MODE GROUP-VELOCITY PARTIALS 110 7

The relationship between ‘ 
~ and is derised from the relat ionship between 1’t ,in 

,~

a-id C which is _ C
— . z j ( C, , i i ) ) .  (7)

III ( ~ ‘ ( ~~ —

(‘

From (7), g(io . in) is recogni zed to Pie

.e(~’. in) I
~~( 

It o) . U’), ‘~
(
~°. in), ~a) . (8)

App licati on of the cha in rule results in

82 = (9)

where the funct ion / 2 is the derivative of 1 with  respect to its second argument. Since
I ) and 1. are differentiable ,

‘~ i ’C \ ,~ , ~~ \l
I I _fi 2(~°, in) = /~ 1(w , ni l I I . (10)

~m \ w  ~ ,,, m \4 PH ,,, /
Explicit differentiation of ~ yields

( I I )

d z  = w. ( 12)

Therefore . using (10) . ( I I ) ,  and ( 1 2 ) ,  equa tion (9) can be rewritten as

~~(2_ ~~) :~L÷~ ~ ~
0(:

~L)L~ 
(1 3)

The expression
in é.~(J PH ~‘C ~ im ~‘C \

= + a I . I (14)
~ C (PH ,,, C ~ UJ ~‘,C ( ‘UI ,,,J

relati ng logarit hmic partial derivatives can be derived in a similar way .
Novotny (1970) derived ar t exp re ssion equivalent to ( I ) ) .  He evalu ated ]; analy ticall y

in terms of derivatives of Fin (2), bui for Love waves only.
The next section describes a technique for accurately approximating (13) .

NUMERICAL APPROXIMATIONS

This section describes an algorithm which, for a given frequency , requ ire c th e solution
for onl y two roots of equation (2) to get the group-velocity parti als w i th  respect to al l of

the model parameters . The method described is to approximate (rd ) by
—

numerica ll y differentiating . Standard Thom son-Haskell matrix calcu la tions are
(n, —

used to get C, I I, and - Since equations (1 3 )  and (1 4) depend only on the relationship
(Al ,,,

between U and C in (7), clearly this method can be app lied to any Ray leigh- or Lose-wai ve
mode.

.- ~~-—-. . .- — .-



I l t ~ W . I . ROI)I . P. UI t ivi  R . 1. M. (‘. t I , AN I ) S. 5. A L I X A N I ) I  R

Suppose the quantit ies (
‘
. U. . an&i ar e desired at the frequency tn ,,. Deilne

( P u ,,  , ?n

* 
. ,t) ,, e ’ and i = i~e ~. If the quantities ( ‘

~ 
, I , and for each model

( U I ,,,

parameter are computed at i , . and if C . u is~i ‘ 
( 

are computed at l i  . then
,,,

the t’ollos~in~ ;Ip pr oxin l a t i on s can he assigned to the central frequency (0 ,~

C,, = I 2(C~ + C  , ) ( I S a )

1 0 = I 2~(’, + ( ~) (151 ’ )

I 2( ’ ~~
‘ 

~~
‘ ) ( lSc )

PH , \ (PH ,,, ( U i

= 
(i ~ ( ~ 

, 
~~

.
‘ 

~~
‘ 2 

~~~~~ ~~
(‘_ 

~

(iii ,,, 
(‘
~ 

i
\ (

~
‘
~ ) uu , ,  ~~

‘ 2 ,‘pp 
=‘ 

(I Sd)

~ I .

A centr a l  difference is used in ( I  Sd) because this  as the most accurate two—point

appro xi mati on to ~a ( ~ ) . Using the averages (I  5a) to ( I  Sc) avoid s the calculati on

of a root at  W( )  . Also , the t ir st ot the two roots calculated provides an excelleril in i t i a l
guess for the second root , which speeds up the calculation given C . and I • a s er~
accurate guess to C, is C .~ , [ l  ~~ 1 — ( ( ‘ 

-

The counterparts to equations ( I  Sc) and ( I  Sd) for the logadthm ic partia l s in ( 14 ) are

in ‘
~ 

, in C in ‘ C
= 1 2 1  + I (16a)

C ~> in ,,, \ C, in ,,, C . . =, /
in (.~,, — 

in ( ‘
~ 

( o / ~ ‘ C, nt C - i \
I ‘ •nt — 

C ,n 
+ C0 ~ C~ in ,,, C pp~ ) . ( I  6h)

\ Ii /

Ouao ’i,,g ,S . The error in the approximation ( I  Sd) can be decomposed into two part s :

= e~ e. . e, arises from the nonlineari ty of C, 1 . and as a l’uncti on of log in and
,,,

can be shown to be on the order of ~ e, is the result of round—oil ’ errors in C,. I~
,(‘ ~, Ij . , and and behaves as ó ~. If the errors in ‘~~~ I and ~~ arc

( h i  , (1 1 1  ,,, ( U i  ,,, ( U i

i , and - respectivel y, the n for small ~
— F _ i ”

) 
(1 7 )

A knowledge of i , and i: enables a lower l imi t  on ~ to he established to ensure tha t
‘ , he ss ith in  a specified tolerance. If an upp er lim i t on ~~ and fc ~I. ~

av i: , , , ,~ . can he
determined based on the precision of the phase-velocity pa r t i a l  ca lcula t ions  performed.

then an upper l imit  on It ’2 1 k
1/ 2 ,,

e’ , max = . . . ( IS )
~~& 

- . - _-— --~~~—-,- -. ‘—~ - , —----- -----.-- -——-.--.- —..- A
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Taking e2 max to be the largest tolerable e u .  a criterion for choosing ~ is

(S > (19)
e~ max

since U,, C0. For examp le , ~ 
(C i and ~~ are accurate to N decimal figures , andt in ,,, rn-

if M decimal fi gures are desired for c 11  , then ama, = 1 2  l0~~, e 2 max = 1/2 1 0 M ,

and ( 19) becomes
~ > lO w _ v . (20)

If Al is sufficiently less than .V , the n ii will be small enough to guarantee both a small e,
and a small e2 .  The criterion in (20) can be applied to all modes since ó is a perturbation
of log to.

TABLE I
CANSD CANADIAN SHIELD MODEL

i h, (km) St (am) A )Lm ,~~~) p (~ m!cm ’)

6.0 3 .0 3.47 2.70
2 10 .5 11.25 3M 2.80
3 18.7 25.85 3.85 2.85
4 80.0 75.2 4.72 3.30
5 100.0 165.2 4.54 3.446 100.0 265.2 4.51 3.53
7 80.0 355.2 4.76 3.60
8 — 5. 12 3. 76

h, is layer thi ckness .
t d, is depth to center of ith layer.

EXA MPLES

The algorithm i n ( l 5 ) ,  hereafter referred to as the ~ P (delta partial) method , was tested
for fundamental-mode Love waves on a continental shield model and for fundamental-

mode Rayleigh waves on an ocean model. In both cases U, C, and at the perturbed

frequencies (to 1 and to - ,) were calcuiated with computer programs written by D. Harkrider
for imp lementing method s described in Anderson (1964), Takeuchi et a!. (1962),
and Takeuchi et a!. (1964).

Example I :  Love wa,’es. Using the tsP method with 6 = 0.00 1 , Love-wave group-
velocity partial derivatives with respect to shear velocity (fi) and density (p) were con~-
put ed at period s of 20 and 40 sec for a version of the CANSD Canadian shield model
(Brune and Dorman , 1963), shown in Table I .  The same derivatives were computed
analyticall y by Novotny (1970). The tsP results are tabulated in Table 2 and agree in
each case with the five decimal figures given by Novotny.

Example 2: Rayleigh wave.s. Again using equations ( I S )  with (S = 0.00 1 , Ray leigh-
wave group-velocity partials for a version of the Anderson ocean model (Hark rider .
1970), given in Table 3, were computed for seven periods. (For the purposes of this
example , the model was taken as a flat , rather than spherical , earth. ) The group-velocity
and phase-velocity partial derivatives with respect to f i for each layer at 66, 100, and
200 sec are shown in Figure I.

L. 
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lABI  I: 2
PHA SE— .“~i) (‘,Ko L I’ -V,  I 04. ii~ I’AIi I IAI  I)i KIS Al  ~ is ~oii (ANSI) Mont I.

‘ I

Pe nis! — 20 se, ; ( ‘ 400 71 0 Am..cec’; -~ 3 52732 Arn .se e
I 0.15048 t) 05191 0.39610 0.03708
2 0.40458 0.03721 0. 56 2 17 0.0101
3 0.40~tt’~, 0.0364 2 0.29970 0.06946
4 0. 1 3i Itt 0.04255 0.17980 0.03776
5 0.00022 0.00005 . 0.00205 0 00046
It 0.0 0.0 0.0 0.0
7 0.0 0.0 0 0 0,0

P enssi = 40 .te~ C 4.40209 Au, .s ’ , .  1’ 4.01515 Am ‘,‘c
I 0.09234 0 035tt2 0.26627 t).08tt95
2 0.1681)2 —0 .0435 ’) 0.47 105 - 0.09121
3 0 2tt1 ii - 0.02070 0.64765 0 01 “9

4 0 48998 0.07374 0.37427 0.14947
5 0.10746 0.00813 0.28059 — 0.00354
tt 0.01 142 0.00136 0.10107 — 0.00573
7 0.00147 0.0(8327 - 1)01280 0.18122

1’AL3 I F 3
.‘~~-, l ( i  KS, (5 0* ’, AN Mont t

I,, J, ,,, p1,
0 5. 188)0 2.50 1, 6200 0.0 1.03(8)
I 1. 0000 5.5(1 2.1000 1.0000 2.1000
2 5.0001) 8.50 6.4100 3.7000 3.0660
3 9.0000 15.50 8 . 1100 4.6060 3.4000
4 5.0000 22 .50 8 . 1 200 4.6110 3.4000

5 (5.00(8) 32.50 8.12(8) 4.6100 3.40(X)
6 1000(8) 45.00 8.0100 4.5600 3.3700
7 10488)0 55.00 8 .0100 4.5600 3.3700
8 10.0000 65.00 7.95(8) 4.5600 3.370(1
9 I0.t )tXX ) 75. 00 7.9500 4.56(X) 3.37(X)

I() 10(888) 85.181 7 .71(X) 4.40(8) 3.3700
II 10.0000 95.18) 7 . 7100 4.4000 3.3700
t I  10.0000 t05.(X) 7.68(8) 4.3400 3.3300
1.1 10(888) 115.1.8) 7.68(8) 4.3400 3.33(8)
14 10.188)0 125.00 7.7770 4.3400 3.33(8)
IS 10(888) 135. 00 7 .7770 4.34(8) 3.33(8)
(6 10.1888) 145.00 7.8500 4.3400 3.3300
17 10.00(8) 155.00 7 .8500 4.3400 3.3301)
III 10.0000 165.18) 8.101.8) 4.4500 3.33(8)
(9 10.0000 (75.00 8.1(88) 4.4500 3.3300
20 10(888) 185.01) 8.1200 4.4500 3.3300
I I  10(8)00 195.01) 8.12(8) 4.4500 3.3300
12 10.0001) 205.00 8.1200 4.45(8) 3.3300
23 11) 0(88) 215.00 8.1200 4.4500 3.3300
24 I0.0000 225.00 8.I200 4.4500 3.33(8)
25 10.0000 235.00 8.1200 4.45(8) 3.33(8)
26 (0(888) 245.00 8.1 2(8) 4.4500 3.3300
27 10,00(8) 255.00 8 .1200 4.45(8) 3.33(8)

( , mI,ni,,,’d.
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TABI. . F 3 (‘ontinued

5, 5 ~ , 8.

28 (0.0(88) 265.00 8.1100 4.4500 .1.3500
29 10.0(8)0 275.00 8 1200 4.4500 3.3500
30 10.0000 285.00 8.1200 4.4500 3.3600
3 1 10.1888) 295.18) 8.1200 4.4500 3.3600
32 10.0001) 305.18) 8.I20() 4.4500 3.3700
33 10.1.888) 315.00 8.1200 4.4500 3.3700
34 10.0000 325 (X) 8.1200 4 .4500 3.3800
35 10.0000 315.00 8.1200 4 4500 3.3800
36 (0.0(8%) 345.00 8.2400 4.5000 3 3900
37 10.0000 355.00 8.2400 4 .5000 3.3900
38 10.01)00 I,,5.(X) 8.3000 4 .5300 3.4400
30 10.0(88) 375.00 8 .3600 4 560(1 ) 5(8%)
40 10.0000 385.00 8.3600 4.5600 3.50(8)
4 1 I0.0000 395.00 8.7 500 4. 7950 3 ,6840
42 15.0(8)0 407.50 8.7500 4.7950 1.6840
43 20 (8)00 425.01.) 9.1500 5.0400 3.8800
44 10.1.8)00 440.00 9.4300 5.2 171) 3.9001.)
45 20.0001.) 455. 00 9.7600 5.4000 3.9200
46 25.0000 477.50 9.7650 5.4001) 3. 9330
47 25.0000 502.50 9.7750 5.4000 3.9480
48 25.0000 527 .50 9.7800 5.4000 3. 9600
49 25.0000 552.50 9.7840 5.40(8) 3.9880
50 25.0000 577.50 9.7880 5. 4000 4 .0220
SI 25.0000 602.50 9.7920 5.4000 4.0560
52 25.0000 627.50 9.7960 5.4000 4.0900
53 25.0000 652.50 9.8000 5.4000 4.I200
54 25.0000 677.50 10.1630 5.6000 4.1650
55 25.0000 702.50 I0.4880 5.8001) 4 .2 120
56 25.0000 727.50 10.8180 111000 4.2570
57 25.0000 751.51) II.1200 6.2000 4.3000
58 25.0000 777.50 11.1 350 6.2050 4.4750
59 25.0000 802.50 11.1500 6.2100 4.6330
60 25.0000 827.50 11.1650 (‘.2180 4.7971.)
61 25.0000 852.50 II.I801J 6.2300 4.94(8)
62 25.0000 877.50 11.2240 6.25(8) 4.9425
63 25.0000 902.50 11.2670 6.2750 4.9450
64 25.0000 927.50 11.3100 6.2970 4 . 9475
65 25.0000 952.50 11.3500 6.1220 4 .9500
66 25.0000 977.50 11.3920 6.3400 4.9517
67 25.0000 1002.50 II.4340 6.3601) 4. 9534
68 25.0000 1027.50 11.4760 6.3750 4. 9550
69 25.0000 1052.50 11.5180 6.3900 4.9567
70 25.0000 1077.50 11.5601) 6.4050 4.9584
7I — _ II.6000 6.4210 4. 96(11

The partial s with respect to fi in six of the model ’s layer s were also computed by the
“brute force ” approximation for live periods. A centr al difference scheme

AL’ (‘ I)
~ 2tsjl

was used. where AU is the diffe rence between the group veloc ities for models v~ith /1
perturbed by + Afi and . ,\/~ in a given lay er. A A~ ol 0.1 ~1.as used l~tr each ol the 6
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layers. The accuracy of the U part ials computed this way is diffic ult to jud ge, but repeating
the layer 6 calculation with Afi = 0.05 revealed that the err ors were on the order
of 0.00002.

It can be seen from Table 4 t h~tt the agreement betwee n the brute force and tsP group-
velocity partials is very close. For layer 6 the agreement is closer when Afi = 0.05 than
when ts~! = 0. 1 .  Therefore , we infer errors of 0.00002 or less in the tsP answers.

DISCUSSION

The tsP method is an efficient way to compute group-velocity partial derivatives with
an accuracy sufficient for use in inversion calculations. This capability increases the
feasibility of using available group-velocity data , either separatel y or jointl y with phase-
velocily data , in the determination of earth structure by linear inverse methods.

PARTIAL D € R t V A T I V E S (z I O ~~)

~~~~30O

400

V ELOC ITY 
Ph ASE VELOCITY

5*51 —— — —

Fio. I .  Phase- and group-ve locity partial deriva t i ses with respect to / 1 at periods of 66, 100, and
200 sec for Anderson ocean model. Partial deri sati ses are normalized by layer thickness ; i .e., (1 k ,)
~~C/? ~ ,) and (I/h,XeU/?p,).

It is very desirable to be able to invert group-velocity data because of the extensive
areal coverage of existing group-velocity observations as compared to phase-velocity
observations , particu lar ’y at periods which samp le the lithosphere. Also , a very large
percentage of available higher-mod e dispersion data consists of group-velocity measure-
ments , Moreover, group-velocity determinations commonly can be more accurate
than phase-velocity determinations. This is particularly true if a single source-stati on
pair is used or if Fourier spectral methods involving long time windows are required for
phase-velocity estimates while narrow-band filters suffice for group velocity.

In addition to their use in finding models consistent with group-vel ocity observations ,
partial derivatives can be used to generate averaging kernels. With averag ing kernels ,
experiments can be desi gned to determine the most favorable frequencies to observe and
t he accuracy of group-velocity data needed to resolve radial or latera l variations in earth
structure.

_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  nj
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TABLE 4
COMPARISON OF .\/‘ sst i  BRUTI I o~ I (B .I .1 RAV I I R,H-
WAV F GROUP- VE LIX f l  P~a ie~i.s V. h i l l  R ispu’i 10 /1
II I $)I,,,l is Six I AVI as in .\sin (I, t ss

S I R I .

Period = 140 .se-c: ( = 4 .1782 Am sec .
= 3 . 7468 A,,, ~~~~

6 0.01378 (.~c/ I — 0 OSi

0.01379 01) 1 3’S
II 0032 85 00 528 1
16 0.06066
II 0.04024 0.04023
31 0.000~8 —0.01)058
41 - 1)01 140 —0 . 0 11 19

Period I00 s.~ . ( ‘ = 4 . 0’51 Am sec~
= 3. 9057 Ai ~z

6 0.03559 (.\fl = 0.051
6 0.03560 0 0 3 5 S 7

11 0.08448 1) 08444
16 0.05468
2 1 0.01386 0.01 35’
3 1 —0 .014 80 0. 01480
41 —0 .00770

Period = 70 ‘cc C = 4.0406 Am .scc;
= 4.01)03 AW Ste

( 0.08617 3.1./ I = 0.05?
6 0.08622 (1.08615

I I  0.09409 (1.0941)”
16 1)01697 0.01698
21 —0.01484 0.01483
II — 0 .0 111 3 0.0 1113
4 1 — 0.00207 — 0.00207

Period = 33 set ’: C = 4.03~0 Am ,s , i

U = 4.0051 A r’ , ~~
6 1) 232. 3 1 t\ /~ = 0.05)
6 0 2 3 2 14  0.23231

I I  — 0.02903 - 0.02903
It, 0 .02447 —0.02 44~
2 ! -- 0.0064 2 - 0.0064 2
31 — 0.00023 - . 0.00023
4 1 —0.000(8) — 0 .00000

• Period = Ils .5 . 3
. 
= 3 5 3 ~~5 Am ‘es .

= 2.9141 Am ~~
6 ~ 0.I0876 (.\/ I = 0.05)

6 0.1087 7 — 0.1
I I  — 0.00783 —

lb - 0.00013 —t).000I3
II 0.01)0(8) 0.018)01)
31 0.0(888) 0.0(8)00
41 0.00000 0.00(8%)

‘the brut e farce results were e~nipiited with .\P =‘ U I
except where 0.05 is indicated .
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An inversion program is currentl y being developed that incorpo rates the tsP method
of computing partial derivatives and allows inversion of group and phase velocity
separat ely or in combination for both Rayleigh and Love modes.
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st t’etig t.h aRI d  ch . .I~ t er ; l I t R I t I~~ ti eai’by Yuee. t  and Pa l lut e e v en t s , possibly due to
shor t  —pe i’ i od surface wave to P—wave seat. t ee ing ; . tha t  r e l a t i v e ly few
SR O — t v p v  s ta t i on s  can be used to compare source mechanisms for s u i t e s  of
t ’ V c ut .  ü t  \ . t t ’  I t i~~ 5j  ~~~ L I I  ~ g i v e n  source i’eg ion .  For exam p le , foreshocks and
at ’ter shoeks  of the  Utah—Idaho  border and Oi ’ov i l l e , C a l i f o r n ia  sequences of
1975 , as recorded at. the  Albuquerque 51W s t a t i o n , have been ana lyzed and
compared ; in  both cases the princ ipa foreshock exhibited the same mechanisms as
the main shock , while the aftershocks are more varied in mechanism . For both
sequences wt.- were able to match the observed Love and Rayleigh waveforms and
spectra as the  mechanisms changed. Average path dispersion (hence structure )
is a useful by—product of the analys is .
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