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A methodfor rapid retrievalof earthquake-sourceparametersfrom long-periodsurfacewavesis developed.With this
method, the fault geometryand seismic momentcan be determinedimmediately after thesurfacewave recordshave
been retrieved.Hence,it maybeutilized for warningof tsunamisin realtime. The surfacewavespectraareinverted to
produceeithera seismicmoment tensor(linear)or a fault model (nonlinear).The methodhasbeen testedby usingthe
IDA (InternationalDeploymentof Accelerographs)records.With theserecordsthemethod workswell for theevents
largerthanM~= 6, andis usefulfor i’nvestigating thenatureof slow earthquakes.

For eventsdeeperthan 30 km, all of the five moment tensorelementscan bedetermined.For very shallowevents
(d~30km) the inversionbecomesill-conditioned and two of the five source moment tensor elementsbecome
unresolvable.This difficulty is circumventedby a two-step inversion.In the first step,the unresolvableelementsare
constrainedto bezeroto yield a first approximation.In thesecondstep,additionalgeologicalandgeophysicaldataare
incorporatedto improve thefirst approximation.Theeffect of thesourcefinitenessis alsoincluded.

1. Introduction Among the most recent works of this type are
thoseby MastersandGilbert (1979)andDziewon-

Thenumberof digital seismographstationshas ski et al. (1981).
recentlyincreaseddramatically, and high-quality - The primary objectivesof the presentstudyare
digital seismogramsarenow widely available.This as follows:
paperdescribesa methodfor the determinationof (1) to developa very quick methodwhich can
earthquakesourceparametersby usinglong-period beusedfor real-timetsunamiwarningpurposes;
surfacewavesobtainedfrom thesedigital stations, (2) to determinethe long-period seismic mo-
particularly the IDA (InternationalDeploymentof ment (eitherscalaror tensor)of eventsas smallas
Accelerographs;Agnew et al., 1976) stations. M~= 6.

Variousmethodshavebeendevelopedfor dif- Tsunamisare primarily causedby earthquake-
ferent seismologicalinvestigations.Seismic body generateddeformationsof the sea bottom with
waves,both the first motion andthe wave forms, time scalesup to severalhundredseconds.There-
havebeenextensivelyusedfor the determination fore,to evaluatethe tsunamipotential of an earth-
of thesourcegeometry,the depthandthe seismic quake, it is most important to determineaccu-
momentat relativelyshortperiods.Seismicsurface rately the size and the mechanismof the earth-
wavesand freeoscillationshavebeenusedfor the quakeat longperiods.If theseearthquakeparame-
determinationof long-period sourceparameters. tersare to be usedin real-timewarning systems,

0031-920l/8l/0000-0000/$02.50~ 1981 Elsevier ScientificPublishingCompany



9

the sourcemechanismhasto bedeterminedwithin Z

at least one hour of the earthquakeorigin time. Source
The method describedhere would meet this re- Station

(r, 9,cl.)quirement.
The sourcespectraof earthquakesvary signifi- y (West)

cantly from eventto event.Someearthquakeshave

North)a disproportionately largeamount of energyat thelong-period end of the spectrum,whereasothershaveenhancedshort-period spectra. Certainearth-quakes are often called tsunami earthquakes or
slow earthquakes because of their anomalously
large ratio of long-period to short-period radia- Fig. I. Definition of thecoordinates.

tion. Whether or not these anomalous earthquakes
occur only at certain special plate boundaries has
an important bearing on the mechanical property using the notation of Kanamori and Cipar (1974)
of the plate boundary and the nature of the plate and Kanamori and Stewart (1976). We use either a
motion there. In the past this study could not be seismic-moment tensor source (Gilbert, 1970) or a
made for small events because of the lack of double-couple (fault) source. First we describe the
adequate long-period instruments. Therefore, the method for a moment tensor source.
sample size of the data was too limited to investi- We take a spherical coordinate system (r,9,q)
gate the possible regional variation. The availabil- with the origin at the center of a spherically sym-
ity of high-quality long-period data would signifi- metric, non~rotatingEarth model. A point source
cantly expand the data base if an appropriate defined by a moment tensor (M~5,~ M5~,~
method were developed. Although the method de- ~ M~~)is placed at r on the polar axis. The
scribed in this paper has been developed to achieve moment tensor is defined with respect to a Carte-
these specific goals, it can also be used for more sian coordinate system (x,y, z) with the origin at
general purposes and would be complementary to the source, and the x, y and z axes are in the
the various existing methods, northern, western and upward vertical directions

The theories of excitation (Satô et al., 1962; (Fig. 1). Then, by the notation of Kanamori and
Haskell, 1963, 1964; Harkrider, 1964; Ben- Cipar (1974), Okal (1978) and Okal and Geller
Menahem and Harkrider; 1964; Saito, 1967; Ben- (1979), the vertical component of spheroidal oscil-
Menahem et al., 1970; Gilbert, 1970) and of lations at point P (r,O,~)due to a step-function
inversion (Aid, 1966; Dziewonski and Gilbert, point source is given by
1974; Gilbert and Dziewonski, 1975; Gilbert and
Buland, 1976; Patton, 1980; Aki and ~chards, u~(r,t)= ~y1(r) cos ~,t{[_K2P12M~~ sin 2~
1980) of surface waves and free oscillations have
been thoroughly developed. The present paper 1
makes use of the results of these developments and + 2K2F1 ( ~ — M~~)cos 2~J
is similar, in spirit, to the paper by Ben-Menahem
et al. (1970). The primary emphasis here is on + ( —K1P/M~2sin ~
some practical problems in applying these theories
to real data.

— KIP1
1MXZ cos + + NO)PI°MZZ

2. Method +~.(2N
0—K0)P1(M~~+Myy)]} (1)

In this section we briefly describe the method where the azimuthal angle 4 is measured counter-
for spheroidal oscillations or Rayleigh waves by clockwise from the x axis. The excitation functions
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K
0, K1 and K2 are given by Kanamori and Cipar from modal data. Here we use propagating waves

(1974) and N~is given by Okal (1978). By taking and use (2) for the analy~is.
the asymptotic expansion of (1), we obtain for the As discussed by Mendiguren (1977), since the
vertical component of Rayleigh waves data from the fundamental mode alone cannot

ur(r, t) 2ir +~ resolve the isotropic component, we assume that—J CR(~)exp(iw)dw ~ (3)
—~00

where We also assume the earthquake to be a point

1 / i ) source that varies as a step function in time. This
assumption will be removed later. Let L~(r,1) be aCR(~) = 1/2 exp~~ Rayleigh wave seismogram (vertical component)

(sin 0)
I io~a0’\ ii ) recorded at station P(r), and C~.(r,~)its spectrum.

exp(~— ~ ) exp~-~msri Then CR(ø) in (2) can be obtained from C~(r,~)
by correcting for the instrument response and the

sin 24> — ~ — M~~)cos 24)] attenuation along the path

CR(w) = Cç(r,w) exp(t.ia9’/2QU)/I(co) (4)
+ 1 (s°+ N~’))MZZ where Iis the complex instrument response andQ

3R
is the effective Q along the path. Substituting (3)

+~(2N~)— s~’))(M~~+ M~~) and(4) into (2), we have

+iQ~(M~~sin 4) +~ cos 4>)) (2) J~(r~)= ~—P~[M~ysin 24>

pg), S~’~and Q~are the excitation functions
given by Kanamori and Stewart (1976), and — ~- (1ví~— M~~)cos 24>]

N~ (~/21)~’
2(a/U)N

0

where / is the order number, a the radius of the — ~S~(~ +M~~)
Earth, and U the group velocity; m is the number
of the polar and antipolar passages, and0’(rad) is + i sin 4> + ~ cos 4>)) (5)
the propagation distance

0’z2~r[(m+ l)/2} +(_l)mO where

I wa0’where [ ] represents the largest integer equal to, or J~(r,~,)= (sin 9)’~
2~(r,c~)exp~~

less than, the argument. Expression 2 is equivalent

i~oa0’~ / 1to that derived by McCowan (1976) and ( c ) exp~—
Mendiguren (1977). exp

The first, second, third and fourth factors on
the right-hand side of (2) represent the geometrical exp( — ~ m.~-i)/1(c~) (6)
spreading, the source phase, the phase shift during
propagation and the polar phase shift respectively. If the phase velocity C(~) is known for the path,
We can analyze the data either as modes (free l~(r,co) can be computed from the observed spec-
oscillations) by using (1), or as surface waves by trum L~(r,o)by using (6).
using (2). Dziewonski and Gilbert (1974), Gilbert From Rayleigh wave records at N stations P

1,
and Dziewonski(1975), Gilbert and Buland (1976) ~2’”’~N we obtain J~(rk,co)(k1,...,N), and
and Masters and Gilbert (1979) describe a com- (5) can be written as
plete procedure for retrieving source parameters AM = V (7)
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where

—F~sin24)~ ~P~cos 24)~ —~S~0 0

0 0 0 Q~sin4)1 Q~cos4)~

—Pf~sin24>2 -4~P1~)cos24>2 —~S~0 0

0 0 0 Q~sin4)2 Q~cos4)2

—P~sin24>N ~P~~COS24>N 2$~

0 0 0 Q~sin
4>N Q~jcos

~ — Since the isotropic component is assumed to be

M = ~ + ~ zero, A
1 + A2 + A3 = 0.

M The eigenvectors V1, V2 and v3 define the orien-
Yz tations of the principal stress axes. When the

M~5 intermediate stress is zero, the moment tensor

represents one double couple. When the inter-

Re J’(r1 , co) mediate stress is nonzero, it can be decomposed
Im J~(r1,co) into one double couple and a compensated linear

dipole (Knopoff and Randall, 1970), or a pair of
Re J’(r2 co) orthogonal double couples. Here, following Gil-

V = Im 1~(r2,w) bert (1981), we decompose the moment tensor into
two double couples, the major and the minor. For
example, if A1 ~ 21 ~‘ A3, the major double

Re J’(rN co) couple is defined by

Im r~(rN,co) A1 0 0
0 —x 0 (10)

Thus, if the records are obtained at three or
more stations, and if the matrix ATA is nonsingu- 0 0 0
lar, (5) can be solved for M by the method of least and the minor double couple by
squares. 0 0 0

Once the components M55, ~ etc. are de- 0 —A3 ~
termined, the eigenvalues A1, A2, A3 and the corre- 0 0 A
sponding eigenvectors, v1, V2, v3 of the symmetric
matrix The standard fault parameters such as the strike,

M M M dip and slip angle for the individual double cou-
XX Xy XZ ples can be computed from the direction cosines of

~ ~ ~ (8) the eigenvectors. Useful relations for this transfor-

~ ~ M5~ mation have been presented by Jarosch and Aboodi
(1970).

can be computed and the matrix diagonalized into For a double-couple (fault) source, we use eq.
A1 0 0 A-8 of Kanamori and Stewart (1976) and replace
0 A2 0 (9) (5)by
0 0 A3 ~ (12)
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where 5R~PR and q~are determined from the fault 3. Analysis
parameters 6 (dip, angle), A (slip angle) and 4~
(strike) defined by Fig. A-l of Kanamori and From the observed seismograms of Rayleigh or
Stewart (1976); M

0 is the scalar seismic moment. Love waves, we obtain J’~(r,to) for Rayleigh waves
(In this case, there are four unknowns (M0 , 6, A,4)~) or V~,(r,to) for Love waves. Then, the moment
in contrast to the five unknowns for the moment tensor or the fault parameters can be determined
tensor source. Since (12) is nonlinear with respect by inverting (6) or (12) for Rayleigh waves, and
to the four unknowns, a first approximation is (14) or (16) for Love waves.
required to invert (12) by the method of nonlinear We shall now describe the analysis method for
least squares. Rayleigh waves obtained from the IDA records.

Similar relations can be derived for torsional However, essentially the same method would apply
oscillations and Love waves. Using the notation of to other kinds of records.
Kanamori and Cipar (1974), we obtain an expres-
sion for the transverse component of torsional 3.1. Period
oscillations at point P (r,0,4)) due to a point
moment tensor source that varies as a step func- Equation 6 or 12 can be solved at any period
tion in time T= 2¶/co. In our experience, it is relatively easy

u (r t) = to obtain Rayleigh wave data up to 350 s from the
1 d~2 IDA records of large earthquakes. Since the sam-

~y1(r) cos co,t( —L2--—
1—(M~~— M~~)sin 24) pling interval of the IDA data is 20 s (i.e. the

2 dO Nyquist period is 40 s), it is probably not safe to

dP~ use periods shorter than about 100 s. Furthermore,
—L

2—~j-M~~cos24) propagation of Rayleigh waves with periods less

dP’ dP’ than 100 s is strongly affected by the lateral
+ L1 -~—--~~M~5sin 4) — L1 —~-~j-~ cos 4> (13) heterogeneity of the Earth’s structure. We there-

dO fore use Rayleigh waves with periods between 180

By using the asymptotic expansion of the spherical and 350 s.
harmonics, for Love waves we have There is one difficulty in using very long-period

i waves for the inversion of source parameters ofV(r to)=P~thM —M )s1n24)—M~cos24)j ,i. xx YY shallow-focus earthquakes. The excitation function

+iQ~{—M~~sin4>+M~~cos4)](14)
~ (1) (1) 27

where SR ~R °R cm-sec/IC dyne-cm

exp~m:~/I to) (15) 2OO~~N ~ -

Here, C~(r,co)is the spectrum of the transverse
component of the observed seismogram of Love ~ -

waves. Equation 15 corresponds to (5) for Rayleigh ~ ‘ )
1 / / -

waves. I —

For a double-couple (fault) source, we use eq. - / // / -

A-i of Kanamori and Stewart (1976), and replace i / /
(14) by - I /1 ~/‘ T=255.69 sec -

J’(r,co)MO(pLPL~+iq~Q~) (16) / -~ I

where PL and q~are determined by the fault Fig. 2. The excitationfunctions~ Q~jandp~)at theperiod
parameters. of 255.69 s. Thedotted curvesindicate negativevalues.



13

Q~)(or Q~)for Love waves) is derived from the sin X
radial factor of the stress function of normal modes ~(co) = ~ exp( — i X) (18)
(e.g. Kanamori and Stewart, 1976), which vanishes where
at the Earth’s surface. For very long-period waves,
most shallow events have essentially a surface x toL ~ ~ e) (19)
focus, and Q~)becomes very small. Since Q~)is = ~ ~ 1 — -~- cos
the coefficient of ~ and ~ in (5), the small Here, J’~is the rupture velocity, C the phase
values of Q~5’2make the determination of ~ and velocity, and e the azimuth of the station measured
~ very unstable. In the limit of zero depth, ~ from the rupture direction. For bilateral faulting
and ~ become indeterminate. Further discussion and two-dimensional rupture propagation (18)
on this point will be made later, needs to be modified.

The excitation functions pg), ~ Q~jfor Thus, for a finite source with a dislocation time
fundamental-mode Rayleigh waves at T = 256 ~ history s(t), T~in (5), which is for a step-function
are shown in Fig. 2. These are computed for the point source, should be replaced by J~iw.~(to)J(to),
Earthmodel 5.08 M (Press, 1970; Kanamori, 1970). where (ito) — I represents the step-function point
The Rayleigh and Love wave excitation functions source. Then two methods can be used to solve the
for various periods and depths are given in the modified eq. 5. First, if the azimuthal variation of
Appendix. j

2(to) can be ignored (it is probably small for a

bilateral or circular faulting) then we can absorb
3.2. Finiteness theunknownterm .~(to)J(to)in the source moment

tensor by moving the itoi~(co)f( to) term from the
In the preceding discussion, a step-function left-hand to the right-hand side of (5). We then

point source was assumed. If the Rayleigh waves define a complex moment tensor ~ etc. by
with a period of 150—350 s are used, the wave- ~ = ~ (ito.i(to)J(w)y’, etc. In this case, the
length is about 1000 km, so this assumption is inversion of (7) should be made for 10 unknowns
reasonably good for most events smaller than M

5 (the real part and the imaginary part of ~ etc.)
= 7. However, it is not valid for very large events, instead of five. This procedure is similar to that
and corrections are necessary for the amplitude used by Dziewonski and Gilbert (1974). In the
and, in particular, the phase spectrum. A large second method, we compute .~(to )J(to) for a rup-
earthquake may be modeled by a propagating ture model to correct J~for the source finiteness.
dislocation. Strictly speaking, a finite source can- If a large number of stations are available, the
not be represented by a first-order moment tensor first method is more general. However, if the
and higher-order moment tensors are required to azimuthal variation of the source finiteness is very
formulate the excitation problem. This difficulty large, this method cannot be used. Since a rela-
may be circumvented, at least partially, by using a tively small number of stations are used in the
source finiteness function introduced by Ben- present study, we use the second method to correct
Menahem (1961). If the time history of the dislo- for the source finiteness.
cation at a point on the fault (local dislocation
function) is given by s(t) with its Fourier trans- 3.3. Fhasevelocity, Q, group velocity and instru-
form .~(to), then uniform propagating sourcecan
be approximated by a point source whose mentresponse
frequency spectrum is -

To obtain V,. from the observed spectrum L~.,
~(to)J(to) (17) the values of the phase velocity C, Q, the group

where f(w) represents the effect of the source velocity U and the instrumentresponse are re-
finiteness. For a unilateral propagatingsource with quired. For C we used the average observednor-
a fault lengthL mal-mode periods compiled by Gilbert and
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TABLE I However,it would be desirable to incorporatethe
Normal-modedata(Gilbert andDziewonski, 1975) regional variationwhenmoredatabecomeavaila-

ble.n
0S~(s~)

For the group velocity and Q, which are neces-
16 406.78 429.18
17 389.32 410.24 sary to compute the attenuation term
18 374.02 390.94 exp(coa0’/2QU), we used the values taken from
19 360.23 374.76 Kanamori (1970), which are given in Table II. For
20 347.69 359.59 the instrumentresponse we used the, transfer func-
21 336.00 346.07 tions and the constants provided by the IDA
22 325.30 333.15
23 315.44 321.21 project team at the Institute of Geophysics and
24 306.29 310.36 Planetary Physics, University of California, San
25 297.72 300.19 Diego.
26 289.69 290.26
27 282.34 281.35 3.4. Groupvelocity window
28 275.20 272.91
29 268.45 264.93
30 262.15 257.29 The Rayleigh wave trains used for the analysis
31 256.01 250.29 were filtered through the following group velocity
32 250.34 244.26 windows:
33 244.95 237.37
34 239.70 231.29 R1 3.10—4.90 km s~
35 234.69 224.93
36 229.86 220.70 R2 3.30—3.90 km s’
37 225.22 213.89 R~,n~ 3 3.35—3.80km s’
38 220.75 209.83
39 216.48 204.27 Eachfiltered trace was tapered by cosine functions
40 212.41 199.96 at the beginningand ‘the end.The length of record
41 208.39 195.88
42 204.58 191.26 that was tapered at each endwasabout15% of the
43 200.93 187.40 total length. The three groupvelocity windows are
44 197.40 183.78 for thestandardcase;theywereoccasionallyvaried

slightly according to the distance of the stations
and the quality of the record.

Dziewonski (1975), after converting them into
phase velocities. The values are shown in Table I. 3.5. Constraints
Since the regional variation of phase velocities is
relatively small at the period of about 250 s, the When the source is very shallow, Q~)is very
same phase velocity is used for all the paths. small so that the determination of ~ and M5~

becomes very difficult. In our experience, when the
depth is larger than 30 km, ~ and ~ can be

TABLE II
determined well. However, when the depth is shal-

Group velocityand Q lower than 30 km, they become practically inde-

T(s) Rayleigh Q Love terminate. In otherwords,we candetermine only
wavevelocity wavevelocity threemomenttensorelementsout of five. Sinceat
U (kms— I) U (kms — leastfour parametersare necessary to determine a

175 3.62 147 4.39 122 fault model, the fault mechanismbecomesinde-
200 3.59 171 4.39 111

terminate. We use two methods to overcome the
225 3.58 179 4.39 113
250 3.59 189 4.40 112 difficulty. In the first, we constrainone or more
275 3.64 185 4.41 116 fault parameters (e.g.dip angle,fault strike) on the
300 3.71 183 4.41 110 basisof otherdata, such as the P-wave first mo-
325 3.78 182 4.41 108 tions, or of geologicalconsiderations(the geome-



15

try of the surface break, strike of the trench, etc.), 3.6. Depth
and use (12) to determine other parameters. Al-
though the solution is not entirely objective, this Since we use very long-period waves over a
method often yields reasonable solutions. relatively narrow period range (150—350 s at most),

In the second method, we constrain ~ and the depth of the events cannot be determined very
M~2to be equal to zero, and solve (7) for the three well. Usually a point source or a distributed source
unknowns ~ M,,~,and ~ The constraints is assumed at a depth determined by other meth-
~ = ~ = 0 are equivalent to constraining the ods.
fault mechanism to be either a pure-strike slip on a Since we are primarily concerned with large
vertical fault (vertical strike slip) or a pure-dip slip events with a linear dimension of 30 km or more, a
on a fault dipping 45° (45°-dip slip) (eq. 1 of distributed source is probably more adequate than
Mendiguren, 1977). In effect we look for the best a point source. We computed excitation functions
solution from a subset of fault models that consists for several distributed sources that extend from
of vertical-strike slip faults or 45°-dipslip faults. the surface to a depth dM. We assumed that the
Although this solution may appear too restrictive, dislocation is uniform on the fault plane. In this
it actually provides a very useful first approxima- case the excitation function p~)for a distributed
tion. If the actual mechanism is close to either one source extending from 0 to dM is given by
of these mechanisms, the fault type, the strike (I)

azimuth, the seismic moment and t~esense of the ~ h)PR (h) d h
motion are very well determined. However, if the ~ = (20)
mechanism has a large oblique slip component, the j p (h) dh
solution is inevitably subject to considerable error.

The advantage of the second method is that a where ~u(h) and P1~)(h) are the rigidity and the
good first approximation can usually be obtained excitation function as functions of depth. The
objectively without an initial guess. Once the first excitation functions for vanous dM are computed
approximation is obtained, further refinement and tabulated in the Appendix.
could be made on the basis of other geophysical or
geological considerations. For example, if a 45° 3.7. Othercorrections

thrust mechanism is obtained for an event along a
subduction zone where the dip angle of other Since the values of phase velocities and Q for a
events is consistently about 20°,as is usually the gross Earth model are used in the present method,
case, then we may constrain one of the nodal the regional variation in these parameters can in-
planes to have a dip angle of 20° and the same troduce errors in the source phase and the ampli-
strike azimuth as the first approximation, and tude. Although the errors in the amplitude would
repeat the inversion by using (12). not cause very serious error in the source parame-

Thus, the difficulties that arise form the inher- ters, those in the phase can be very serious. At the
ent indeterminacy of ~ and ~ for very shallow period of 250 s, the 0.05% variation of the phase
events can usually be overcome by introducing velocity, quoted as error by Gilbert and Dziewon-
additional constraints on the basis of other geo- ski (1975), could introduce errors of 0.025, 0.074,
physical and geological data. 0.12, 0.17 and 0.22 rad for travel distances of 90,

For deeper events, all of the five moment tensor 270, 450, 630 and 810°,typical distances for R1,
elements can be determined well. However, at R2, R3, R4 and R5 respectively. Errors of this
depths where p~)or S~vanishes (e.g. at 170 km magnitude would not cause serious errors in the
and 120 km for the period of 255.69 5; Fig. 2), a source parameters (Patton and Aki, 1979). How-
similar difficulty arises. This difficulty can be ever, the 0.05% variation is a grossaverage,and a
overcome,however,by using different periods or much larger variation (e.g. 0.2%) is possiblefor
overtones,or both. very anomalous paths. In such a case a very large
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error in the source phase is caused, particularly for event and the main event is in effect the ‘error’ in
multiple surface waves with a large order number the origin time. The effect of these errors on the
(e.g. R4 and R5). estimation of source parameters is discussed in

The source finiteness and the finite source rise detail by Patton and Aki (1979).
time cause a finite phase shift. Uncertainties in If Lit is the sum of timing errors resulting from
these parameters would cause errors in the source the regional variation of phase velocities, incom-
phase. The correction for the source finiteness can plete knowledge of the source finiteness, the origin
be made by using the method described earlier, if time and the clock errors, the error in the source
the details of the rupture mode are known. If they phase at period T is 2~Lit/T. Although there is no
are unknown, we assume that the overall source direct way to estimate this error, it is often possi-
finiteness effect is given by ble to estimate it from the phases of multiple

sin( ~r/ T) surface waves recorded at the same station, if the
exp(—iITT/T) (21) errors do not depend on the azimuth. As shown by

(5), for a step-function point source the spectrum
where T is the period of the wave used, and T P. of the R2~phase should be the complex con-
the time for the overall source process to be corn- jugate of that of the R2~+1phase at the same
pleted. The finiteness term is assumed to be nondi- station. Therefore, if the phase of R2~is 4~then
rectional. This is not true for a unilateral or bi- the phase of R2~+1must be —q~for a point
lateral rupture, but is a reasonably good ap- source. For a nondirectional finite source with a
proximation for a fault length of up to 100 km. possible error Lit, the phase of R2~is 4~= —. (X
The source process time T may be approximately + 2 ¶Lit/T) and that of R2n-I-I = — — (X
equal to the fault length divided by the rupture + 2~rLit/T).Adding these two, we have
velocity. Since the logarithm of the fault length is ~‘, +~)/2 = — (x+ 2ii~Lit/T)
approximately proportional to the earthquake
magnitude, we used an empirical relation shown Thus if we assume that the errors do not depend
by Table III to estimate T. A recent study by on the azimuth, we can estimate the unknown
Furumoto(1979) on the initial phase of Rayleigh phase correction (X + 2i~Lit/T) by taking the
waves excited by greatearthquakes confirms that average of 4~and 4~.To do this, we need bothR2~
the source process times given in Table III are and R2,~+ I (e.g. R1 and R2).When the fault length
appropriate. Additional errors in the sourcephase is much larger than 100 km, the azimuthal varia-
arise from errorsin theearthquake origin time and tion of the finiteness effect becomes significantso
in the timing of the record, although these are that this method would introduce a bias in the
relatively rare. An earthquake is sometimespre- sourcephase, unless the directional finitenessef-
ceded by a small ‘precursory’ event,and the origin fect is removed by the method describedearlier.
time refers to’ this event rather than the main Since the situation encountered variesconsider-
event.The time difference between the precursory ably from event to event, further details are dis-

cussed for actual examples in the following sec-
tions.

TABLE III

Empirical relationsbetweenM~andthesourceprocesstime

M~ L (km) T (s) 4. Examples
9.5 1000 330
9.0 560 190 4.1. Miyagi-Oki, Japan,earthquakeJune12, 1978
8.5 320 110
8.0 180 59
7.5 100 33 The sourceparameters of this earthquake given
7.0 56 19 by the National Earthquake Information Service
6.5 32 11 (NEIS) are:
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Origin time: 8 h 14 mm 26.4 s dimension of the combined rupture zone of this
Latitude: 38.190°N;longitude: l42.028°E event is about 70 km (Seno et al., 1980), the effect
Depth: 44 km of the source finiteness is probably very small. For
M~= 7.7 comparison, we used a source process time T of

30 s for this earthquake. In effect, a constant phase
Seno et al. (1980) made a detailed analysis of of 0.37 rad (i.e. ~r/T) is added to all the data. As

this event, and showed that it consisted of two can be seen in Table IV, inclusion of this correc-
distinct events 11 s apart. Since the period used in tion considerably reduces the standard errors of
our analysis is much longer than 11 s, we treat the estimates of the moment tensor elements, sug-
this earthquake as a single event. gesting that the correctionis appropriate. As shown

The aftershock area of this earthquake was in Fig. 4c, the geometry of the mechanism remains
determined very well (Tohoku University, 1979) essentially the same. The overall fit of the phase
and suggests that the faulting extends to a depth and the amplitude of this solution with the data is
of about 50 km. We therefore use a depth of 43 shown in Fig. 3.
km for the point source in our~inversion. If the Comparing Figs. 4a and c, we find that the
depth is larger than 30 1cm, all of the five moment constrained solution gives approximately the cor-
tensor elements can be determined. For compari- rect strike azimuth. The seismic moment is smaller
son, we first constrained ~ and~ to be equal for this solution because the excitation of surface
to zero, and inverted the data at T = 256 s. The waves by a dip-slip source is proportional to M0
stations and phases used are shown in Fig. 3, and sin 28; for a given observed amplitude the mo-
the results are shown in Table IV and Fig. 4a. This ment is proportional to 1/sin 26.
solution essentially represents one double couple To check the overall consistency of this solu-
(the moment of the minor double couple is 2% of tion, synthetic seismograms are computed by the
the major double couple). We then removed the method of Kanamori and Cipar (1974) and corn-
constraints M~3= ~ =0, and obtained the re- pared with the observed seismograms in Fig. 5.
suits shown in Table IV and Fig. 4b. The mecha- Only fundamental modes are included in the
nism shown in Fig. 4b is in good agreement with synthesis, and a Gaussian bandpass filter with a
the result obtained by Seno et a!. (1980). Since the passband from 150 to 1500 s is applied to both the

3 I I I I -

2 - TWO,R2 Miyo~-Oki, 978 - TABLE IV
I /•H~0~ RAR TWO, R3 s HAL~t~R2 • RAR, ~ Miyagi.Oki, Japan,earthquake,1978 (d43 km): moment

NNAR’\ G,R20R2/\.GAR,R3 tensor(units of 10 °Nm10
7dyne’cm)~ ~ ~ SUR, R

3 K p R2 (1) Constrainedsolution(M~~= M,~ 0)- 2 I M~.,=—0.319±0.274

_________________________________________ M~~—M~~=—1.1l±0.48
I • , I I I M +M =—1.23±0.22

- KIPR3 •GAR, R KIP, R -

2 2
-i—- OAR R (2) Unconstrained

E 2 - NNA,R~/’ ~“.~RAR,R3 NNA~.Ry6 ‘~‘1,~RAR,R2 M,~,=—0.319±0.268
/ •SUR,R2\ /sUR.R3 \ I M~~—M~=—-1.11±0.47

E I J/MQR3 \TWO~OR~/’ R2 N
o TWO,R21 HAL.~R~ I M~~=—0.223±0.892

0 60 20 ISO 240 300 360
It zi muIh de (3) Unconstrained(phasecorrected,r = 30 s)

M =—0340--0l68
Fig. 3. Phaseand amplitude spectraof the Miyagi.Oki earth M —M = — 53 --030
quake.Phasespectrahavebeencorrectedfor thesourcefinite- ~/~“ + M = — 1 39:013
nessby using r = 30 s. The full curves were computed for M = —149 •. 048 —

model3 in Table N. The time for theKIP datais correctedby M = —0 133-~-O560
using the arrivid time of the P-wave. —
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Miyagi — Oki, 1978

(a) N (b) (c) (d)
8 0 45.00 6 0 20.7° 8°22.4°

~

Constrained Unconstrained Unconstrained
(M

25 ~ rQ) (Phose Corrected)
M0o1.25 M0r1.90 M0=2.16

(2nd D-C,2%) (09%) (6%)

Model I Model 2 Model 3

Fig. 4. The mechanismsof themajordoublecouplesobtainedby momenttensorinversion(a, b, c) and(d) thesolutionobtainedby
Seno etal. (1980). Equal areaprojection of the lower focal sphereis shown. Hatchedareasandfull circles representcompressional
quadrants.

synthetic and the observed records. As shown by ness; (2) constrained (M~5= M~0 0) solution
Fig. 5, the agreement is good in both the ampli- with a uniform source process time of 60 s (Table
tude and the phase. Although good agreement of III); (3) unconstrained solution with a uniform
the waveform does not necessarily mean that the source process time of 60 s; (4) unconstrained
mechanism is correct, this comparison is useful for solution with source phase and amplitude correc-
checking the overall quality of the data and the tions derived from the inferred rupture model. The
solution. depth of the point source used is 33 km. The

source process timeTof 60 scorrespondstoM~= 8
4.2. Colombia—Ecuadorearthquake,December12, (Table III). The corresponding source models are
1979 shown by Fig. 6 and Table V.

This analysiswasmadeto investigatetheappli-
The source parameters given by NEIS are: cability of the method to a real-time tsunami

warning system.Sincethe size of the earthquake is
Origin time: 7 h 59 mm 3.30 s not knownin thebeginning,the first inversionwas
Latitude: I .598°N;longitude:79.358°W made without any correctionsfor the sourcefinite-

Depth: 24 km ness.In this case,thefit is expectedto bepoorand
M5 7.7 the inversion would be very unstable unless ~

and ~ are constrained.As model 1 in Table V
This was a large earthquake with a very large and Fig. 6(a) shows,a 450 thrustmechanismwith

rupture length; therefore the point source ap- a seismic momentof 1.01 X 1028 dyne. cm (M~=

proximationis clearly inadequate.To comparethe 7.9) wasobtained.Although the finitenessparame-
effect of the various assumptionsfor the source ters are unknown at this stage,the value of M~
finitenessdescribedearlier, we inverted the data suggestsa sourceprocesstimeof about60 s(Table
for four cases:(1) constrained(M~2= ~ = 0) III). The secondand third inversionswere then
solution without correction for the source finite- madeusingthis constantsourceprocesstimewith
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Miyagi-Oki~Japan, 1978
GAR R2 R3

36 sec~ .86

t0~8200sec ‘~ ‘0 X10
27 dyne~cm

36
1! J I I / —--.. ~ ..‘~j ij~1 I / ~,‘\_

8200

--—~~ ‘\ I ‘~ ————~——~-—‘—~ i’J\ I \ r —3000
RAR R

2 R3

1.67
_———..-—-_.——--.._——_._.———‘-.../‘.-‘\AJ\!I /\t._———_—

7400 ~~/I/” \J\J
NNA R2 ‘~ R4

36~~

~ f~/ / /.~ — ~ P”\ j\ ~ ~ ~~~-~\pJ\ I~/~’
5800 ~

____ ~I ~67.9°, ~~~96.8° do43km
0 600sec 8222.4, “2-288°

Fig.5. Comparisonof theobservedseismograms(fall curves)with thesynthetic(dotted)curvescomputedfor model3 in Table IV. r~
is thestartingtime of thesyntheticmeasuredfrom theorigin time; i~is thegroupdelaytime for theobservedseismogramsrelativeto
thesynthetics.M0 is theseismicmomentusedfor thesynthetics.

and without the constraints ~ = ~ = 0, re- of the Nazcaplate beneath South America (Fig.
spectively. As model 2 in Table V and Fig. 6(b) 6(c)). In fact, this solution is consistent with the
shows, the mechanismis essentially identical to first-motion data obtained from the WWSSN sta-
that of model I. However,the standarderrorsand tions(Fig. 7), andis essentiallyidenticalto model4
root meansquareerrorsare substantiallyreduced, in TableV and Fig. 6(d), which is obtainedby a
As model3 in TableV shows,the standarderrors moredetailedanalysisto be describedbelow.It is
for the unconstrainedsolution are small. The encouragingthat model3, which can be obtained
mechanismobtainedis a low-angie thrust fault without any detailed knowledgeof the rupture
dipping east(or a high-anglefault dipping west) length, direction and mode, gives a very good.
andis consistentwith thegeometryof subduction solution. Sincethe analysisup to model3 can be
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TABLE V

Colombia—EcuadorEarthquake,1979: moment tensor(units of 1020 Nm = 1027 dyne cm) (d 33 km). 8, is the dip angleand~b,the
dip direction

Model 1 2 3 4

T (s) 0 60 60 Variable

Ms,, —2.26±2.98 —3.62±2.19 —3.62±2.00 —4.37±1.99
—12.7±8.6 — 15.2±6.3 — 15.2±5.8 —15.7±5.7
—6.80±2.44 —11.4±1.8 —11.4±1.6 —15.1±1.6

0 0 28.2±10.4 24.4±10.4
M~. 0 0 —1.01±10.29 —2.42±10.23

Majordoublecouple
M

0 10.1 14.1 31.9 29.2
8~(°) 45 45 16 20
i/’~(°) 100 103 121 12!
82() 45 78 74

4’2 (0) 280 283 269 268
Minor

doublecouple(%) 33 19 5.6 0.2
Root

meansquareerror 10.7 7.90 7.21 7.17

completedalmost instantly after the seismograms is large. We therefore used a different method.
have been retrieved, this method holds good prom- First we computed synthetic seismograms by using
ise for real-time tsunami warning applications, a step-function point source with the fault geome-

We made a further analysis of this event to try given by model 3. The synthetic and observed
determine the rupture mode. For a very large seismograms were bandpass-filtered with a pass-
event whose rupture length is larger than 300 kin,
the rupture modecanbe determinedby usingthe
directivity function introduced by Ben-Menahem N

(1961). However, this earthquake is not large
enough to yield the spectral holes of the directivity
function at periods where the signal-to-noiseratio 8 = 74°

= 268°
0

S •
Colombia —Ecuador Earthquake, 1979

0
(a) N (b) (c) (d) ~

w~o ~ w + ~ ~2~° E

M0 =io.ixio°
7 M

0 =14.i M0 ~3l9 M0 ~29.2dyne . cm
Minor 0-C r=GOsec r-6Osec r

S
33% 9% 5.6% 0.2%

Model I Model 2 Model 3 Model 4

Fig. 6. Mechanismsof the major doublecoupledeterminedby • compression 0 DilatatiOn

the moment tensor inversion. Hatched areasrepresent the s
compressionalquadrant.Stereographicprojectionof thelower Fig. 7. Comparisonof the first-motion data (full circle: corn-
hemisphereis shown. pression;opencircle: dilatation)andmodel 4 shownin Fig. 6.
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Colombia— Ecuador .
1Ar~IOsec Motched

/
_-~~----~~ ~

(\~E~23

W~- ~ -JE \ ‘~‘-=‘W~iV’~

~

~ / ) /1 ///9 ~2O VU =

~ --=-~----

~lv

0 I000sec
Fig. 8. Comparisonof the observedseismograms(full curves)with the synthetics(dottedcurves)computedfor model3 shownin
Fig. 6. is thegroupdelayof theobservedseismogramsrelative to thesynthetics.Observedandsyntheticseismogramsarealignedat
the pointindicatedby a downwardarrow. is thegroup delaytime of theRayleighwavespropagatedin the south-westazimuth
with respectto thosein thenorth-eastazimuth.Thelargestdelayfor ESK R2propagatedin S 34°W.The asteriskindicatesthestation
plotted in theazimuthoppositeto thestation azimuth.

band from 150 to 1500 s and are compared in servation can be interpreted in terms of the source
Fig. 8. As shown,theobservedRayleighwavesare groupdelaycausedby a unilateralrupturepropa-
always delayed with respect to the corresponding gation in the north-east direction. Using (19) we
synthetics. The delays are larger at stations in the can express the source group delay by
southwest azimuthfrom the source andsmaller in dx L ‘ v
the northeast azimuth. In other directionsthe de- ~ = -a—- ~v(I — -~ cos8) (22)
lays are, on the average,intermediate. This ob-
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For a stationwith azimuth 1, �~= — ~ where I I I I I

I~is therupturedirection.Therefore,from (22) 2 Colombia - Ecuador 1979 -‘~ ESKR 3 KIF~ R
4 SUR, R5 SUR, ~

_________ CMO R2 KIP R3 \ BDF, R2

&r~~~(~+~)—(I)4 cos(~—~0)(23) 1 ° ~AL,~3 ~

o -~ ~ HALR2S/’~ SUR,R~CM /0, R3

and ~ -2 ESK, R2 TWO, R3 -I I

_L (24)
—— I I I I

2V0. ~5O - KlP,R~
Cl,

40 - SUR,R4KIP, R4Figure9 shows and for the stationsof Fig. 8. 30

The group delaytimesare measuredfor the wave 20 - / • ~ ~

train with the periodof about225s (Airy phase). ci -. ESK, ~ CMO,R2 ‘ •STWO, R3 CMO,R

From Fig. 9(b), ~b0and L/U are estimatedto be °060 20 180 240 300 360

4Q0 and65 s.respectively.Since U 3.56 km s~, Azimuth, deg

the estithateof L/U gives.L = 230 km. FromFig. Fig. 10. Phaseandamplitudespectraof theColombia—Ecuador

9(a),L/2V0 is estimatedto be 57 s, from which the earthquake.Phasespectraare correctedfor thefinitenesswith

rupturevelocity V0 is estimatedto be 2 km ~ L=230 km, V0=2km s’, (~~=40°. The full curves arecomputedfor model4 in TableV. The time for theSURdata
Wehaveassumedthat the groupvelocity doesnot is calibratedby usingthearrivaltune of theP-wave.

dependon thepath.The systematicpatternshown
by Fig. 9 suggeststhat this assumptionis reasona- demonstratesthat the constrainedsolution gives
ble in the presentcase. We can now use these
parametersto correctfor the sourcefinitenessby approximatelycorrect fault geometryand fault

strike.Hence,if the sourceis very shallow andthe
using(18) and(19). Model 4 of TableV and Fig.

unconstrainedinversionis not possible,wecanuse
6(d))is obtainedin thismanner.The overallfit of the constrainedsolution as a useful first approxi-
the amplitudeandphaseis shownin Fig. 10.

mation.
Comparisonof the four modelsshownin Fig. 6

4.3. MonteNegro, Yugoslavia,earthquake,April 15,
____________________________________ 1979
(a)

1.CMo • I I I I
HAL •TWOCl

50 - ESI< Average BDF. —

KIpCl The sourceparametersgiven by NEIS are:
a, -

II—’
L Origin time: 6 h 19 mm 44.1 s

0 I Latitude: 42.096°N;longitude:19.209°E
(b) ESK. Depth: 10km

M~=6.9
TWO*

- HAL. KIP~ - The depthof thiseventis somewhatuncertain.

~SURI: datashownin Fig. 11. We assumeda distributed80K To obtain the first approximationwe first con~. strained~ and ~ to be 0, and inverted the•CMO
330 0 30 60 90 120 sourceextendingto a depthof 24.5 km andused

Azimuth, deg ‘r= lOs. The results are shown in Table VI and
Fig. 9. Variation of group delaytimes asa functionof azimuth Fig. 12(a). The first-motion data for this event
(a). The group delay times are measuredfrom Fig. 8, and (Boore et al., 1981) cannotconstrain the mecha-
correctedfor theellipticity of theEarth.The full curvein (b) is
a half-cycleof cosinewave fitted to the data. The asterisic msm unambiguously,but they determineone of
indicates the station plotted iñ~’the azimuthopposite to the thenodal planes.The planedips 750 in the direc-
stationazimuth. tion of S3l°W(or astrikeof 3010); this is in close
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3 TABLEVI
~ 2 - Monte Negro, 979 Monte Negro,Yugoslavia, earthquake,1979: moment tensor

TWO, R
2

- TWO,81• OR2 1KIP, R2 / SUR,R2 (units of 1020 Nm= 1027 dyne.cm)8~is thedip angleand~,L’,is
0 BDF, R • “ BDF, R1’ KIP, n~ the dip direction

2 •\
- NN~,R2’~/ • RAR,R2 RAR,R1

a. -2 - HAL, R2 [6K, R2 NNA, ~ - (1) Constrainedsolution(M =M~~=0)
.3 I I I I dM24.Skm,rlOs

M~~=0.l38±0.022
I I I I SUR,R2

.8DF, ~I KIP, R1~ M~~—M~=0.106±0.028~O.5 - BDF,R
M~~+M~=—0.228±O.013

~ ~,R2 :SK R2
0.2 - TWO ~ R~ TWO, R~ - EquivalentdoublecoupleMajor doublecouple

< 0.1 - HAL,R2 - M0=2.6

Oo 60 120 80 240 300 360
82_45.0,~p2—215

1~zimuth, deg Minordoublecouple(l3%)

Fig. 11. Phaseand amplitude spectraof the Monte Negro
earthquake.Phasespectraare correctedfor thesourcefinite- (2) Faultmodel
nesswith r= lOs. The full curvesarecomputedfor model 2 in dM =24.5km, r lOs

TableVI. M0=(4.6±0.3)
= 15°,~ =38°

62—75,~p2=21l(constrained)

agreementwith the strike of the nodal planes
determinedby themomenttensorinversion, and Fig. 12(b). The mechanismis essentiallya

If we assumethat the sourcesfor the body pure dip-slip fault. Figure 13 comparesthe syn-
wavesandlong-periodsurfacewavesarethe same, theticscomputedfor the mechanismshownin Fig.
we caninvert the surfacewave databy constrain- 13(b) andthe observedseismograms.
ing the planedeterminedby the first-motiondata.
Theresultsof this inversionare shownin TableVI ________________________________________

Monte Negro Earthquake, 979
R2 (01026

Monte Negro, 1979 Obs

TWO
(a) N (b) Syn —~fr—---/~~~

w(~
~Obs~
BCE

~l5°

R1

Model Model 2
Moment Tensor Fault Model

(Constrained, M~6= M~5=0) 82 ~ ~ 2(1°Constrained Syn.

dM=24.5km dM=24.5km
0 000 sec RL R2

M0°2.6 X ~Q26 dyne.cm M0 4.6 x (026 dyne.cm Obs

Minor D—C (13°/)
4.7Fig. 12. The mechanismdiagramsof the MonteNegroearth- RAR

quake. Model I is the constrained(M Myr =0) moment Syn.
tensorsolutionandmodel 2 is thefaultplanesolutionwith one
nodalplaneconstrainedby thefirst-motion data.Stereographic Fig. 13. Comparisonof theobserved(upperlines)andsynthetic
projectionof the lower focal sphereis shown.Hatchedareas seismograms(lower lines) computed for model2 shown in
representcompressionalquadrant. TableVI.
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1.1978 3 , , Izu—Oshima, 19784.4. Izu-Oshima,Japan, earthquake,January 14, 4 -•HAL,R~ ~ P.

2 IOMOR
1 KIPR

~a IiThe source parameters of this earthquake given a I RAR R RAR, R2
S

0 i—____________________________
0.)by NEIS are: - GAR. P2 ‘ ‘80F, R2
a

-2 CMO, ~ • JSURRi -

Origin time: 3h 24mm 39.Os . HAL,R~. / SKIP, R2 -

PFO, R
Latitude: 34.809°N;longitude: 139.259°E . I I 2 .NNA ~2I
Depth: 14 km _______________________________

o I I I
6.6 ~(0.2 - RAR R1.

GAR,R2. CMO.RO\ P~0P2

Shimazaki and Somerville (1979) determined

the source parameters of this earthquake by using ~ jR~2SKlP~is~.;i.KI~R2.80
far-field SH waves, near-field strong-motion re- 0 60 120 180 240 300 360

cords, surface waves and static data. Since this A~mu t h~d eq

eventis relatively small, the signal-to-noiseratio of Fig. 15. Phaseandamplitude spectraof theIzu-Oshimaearth-

long-periodRayleighwavesrecordedat IDA sta- quake.The full curvesarecomputedfor themodel shownin

tions is relatively low. Furthermore,the vertical Table VII and Fig. 14.

extentof the fault is about10 km so that M~2and
M~2are almostindeterminate.Hence, the inversion foreshockand the aftershocks. However, in view of
was attempted only for the constrained solution. A the fairly large standard errors, the minor double
depth of 16 km is used for the point source. The couple should not be given much significance.
results are presented in Figs. 14 and 15 and Table
VII. As shownby Fig. 14, theconstrainedsolution
gives a 90° strike slip solution, which is in close 5. Conclusion
agreement with the result obtained by Shimazaki
and Somerville (1979). The relatively large minor As we have, demonstrated in the previous see-
double couple obtained for this event may be due tion, the method developed here can be used for
to the complex fault geometry as delineated by the rapid retrieval of earthquake source parameters.

Although the source moment tensor cannot be
determined completely for very shallow events, a

Izu - Oshima, 978 good first approximation can usually be obtained
by constraining two of the five moment tensor

(°) N (b)
elements. Further improvement of the solution can
be madeby incorporatingother geological and
geophysical data, such as the strike of the surface
break, the first-motion data, and the regional trendw~EEf’ __
of the fault plane geometry. For events deeper
than 30 km, all five moment tensor elements can

TABLE VII
Constrained
(M~~= 0) Izu-Oshima,Japan,earthquake,1978: momenttensor(units of

M0 =9.51 2<1025 lO
20Nm=lO27dyne.cm)(d=rl6km)

(2nd D-C, 22%)

Fig. 14. The mechanismdiagram of the Izu-Oshimaearth- Constrainedsolution(M =M~
0‘=0)

quake.Themajordoublecoupleof themomenttensor(a) and ~ =0.0845±0.0125
themechanismdeterminedby ShimazakiandSomerville(1979) ~ — M~=0.0120±0.0238
areshown.Hatchedareasrepresentthecompressionalquadrant. ~ + M~= 0.0208±0.0099
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be determined. Whether the method works well or displacement is primarily responsible for tsunami
not depends largely on the quality of the data (e.g. generation, this product is probably more useful
signal-to-noise ratio, calibration, timing accuracy). than the seismic moment itself for tsunami warn-
The IDA records used here are verywell calibrated ing purposes.
and proved to be extremely useful for mechanism
studies.

The method can be implemented on a very Acknowledgement
small computer. When the IDA data are used
(sampling interval of 20 s), the record to be The IDA data used in this study were made
analysed usually consists of only 128—256 data available by courtesy of the IDA project team at
points. Once the spectra are obtained, the remain- the Institute of Geophysics and Planetary Physics,
ing computations can be made by using the tables University of California, San Diego. We thank
of the excitation functions given in the Appendix Freeman Gilbert, Jon Berger, Duncan Agnew, Guy
and the standard least-squares and eigenvalue Masters, Paul Silver and other staff members of
routines, the project team for providing valuable informa-

Although the solution obtained by the con- tion on the instrument calibration and programs
strained inversion (M~2= =0) may be too for reading and editing the IDA data.
restrictive (either 45°dip slip or vertical strike This work was supported by Earth Sciences
slip) for detailed studies, it is useful for real-time Section, National Science Foundation Grant No.
tsunami warning purposes. For these purposes, the EAR 78-11973, and U.S. Geological Survey Con-
fault type (dip slip or strike slip) and the seismic tract No. 14-08-0001-19755.
moment are most important. The constrained solu-
tion provides sufficiently accurate information on
both of these as shown by Figs. 4, 6 and 12. Appendix. Rayleigh and Love wave excitation func-

As discussed earlier, the dip angle cannot be tions for various periods and depths
determined very accurately for a shallow dip slip
earthquake. Since the observed amplitude is ap- The excitation functions are ~ p1~),Qk’~,~
proximately proportional to M0 sin 28, the uncer- and Q~.The depth d indicates the depth (see
tainty in 8 results in uncertainty in M0. However, Table Al) of the point source and dM the depth of
the product M0 sin 28 can be constrained better by the lower edge of the extended source (see Table
the data. Since the vertical component of the fault A2). The units are cm s/10

27dyne ‘ cm.

TABLE Al

RayleighandLove waveexcitationfunctionsfor variousperiodsand depths

N T(s) - d9.75 km d 16.0 km N T(s)

p~) Q~) p~)

19 360.00 1.94775 0.96820 —0.01220 1.83101 0.93984 —0.01324 19 360.00
22 324.93 2.31963 1.17628 —0.01121 2.16276 1.13502 —0.01790 22 324.93
25 297.39 2.64175 1.36819 —0.02571 2.44634 1.31255 —0.03551 25 297.39
28 274.80 2.93390 1.54517 —0.03664 2.69799 1.47402 —0.05205 28 274.80
31 255.69 3.18913 1.70406 —0.04469 2.91318 1.61696 —0.06755 31 255.69
34 239.22 3.40400 1.84315 —0.06274 3.08980 1.73990 —0.09120 34 239.22
37 224.78 3.60054 1.97071 —0.07584 3.24748 1.85107 —0.11202 37 224.78
40 211.99 3.76740 2.08318 —0.09220 3.37722 1.94721 —0.13567 40 211.99
43 200.56 3.73941 2.08016 —0.12637 3.32004 1.92750 —0.17929 43 200.56
46 190.29 3.87858 2.17668 —0.14498 3.42444 2.00819 —0.20526 46 190.29
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TABLE Al (continued)

N T(s) d=33.Okm d=43.Okm N T(s)

p~) Q~) p~) Q~)
19 360.00 1.61222 0.86309 —0.07069 1.51666 0.81922 —0.10430 19 360.00
22 324.93, 1.85969 1.02400 —0.10472 1.72209 0.96105 —0.15415 22 324.93
25 297.39 2.05526 1.16315 —0.15331 1.87236 1.07909 —0.22033 25 297.39
28 274.80 2.21568 1.28381 —0.20505 1.98627 1.17770 —0.29104 28 274.80
31 255.69 2.34041 1.38512 —0.25832 2.06534 1.25684 —0.36375 31 255.79
34 239.22 2.42835 1.46605 —0.31913 2. 10857 1.3 1580 —0.44391 34 239.22
37 224.78 2.49767 1.53495 —0.37927 2.!3435 1.36300 —0.52344 37 224.78
40 211.99 2.54222 1.58943 —0.44178 2.13730 1.39648 —0.60474 40 211.99
43 200.56 2.40340 1.52273 —0.51926 1.94047 1.30028 —0.71 180 43 200.56
46 190.29 2.42679 1.56265 —0.58351 1.92324 1.31929 —0.79571 46 190.29

N T(s) d53.Okm d62.Okm N T(s)

p~ Q~) p~ Q~)
19 360.00 1.40785 0.77521 —0.13805 1.30063 0.73686 —0.16952 19 360.00
22 324.93 1.56859 0.89787 —0.20380 1.42113 0.84327 —0.24910 22 324.93
25 297.39 1.67114 0.99477 —0.28780 1.48149 0.92244 —0.34810 25 297.39
28 274.80 1.73630 1.07123 —0.37771 1.50486 0.98062 —0.45357 28 274.80
31 255.69 1.76772 1.12817 —0.47010 1.49639 1.01952 —0.56130 31 255.69
34 239.22 1.76455 1.16507 —0.56996 1.45534 1.03885 —0.67587 34 239.22
37 224.78 1.74521 1.19054 —0.66922 1.40020 1.04729 —0.78923 37 224.78
40 211.99 1.70525 1.20291 —0.76969 1.32702 1.04345 —0.90276 40 211.99
43 200.56 1.47529 1.08884 —0.89030 1.05596 0.90770 —1.04323 43 200.56
46 190.29 1.42109 1.08910 —0.99056 0.97160 0.89275 —1.15591 46 190.29

N T(s) d7l.Okm d108.Skm N T(s)

p~) Q~) p~ Q~)
19 360.00 1.29044 0.69840 —0.21424 0.86252 0.55038 —0.35934 19 360.00
22 324.93 1.38254 0.78850 —0.31379 0.79577 0.58177 —0.52081 22 324.93
25 297.39 1.40929 0.84991 —0.43533 0.66113 0.58162 —0.70837 25 297.39
28 274.80 1.39632 0.88979 —0.56433 0.49373 0.56052 —0.90308 28 274.80
31 255.69 1.35106 0.91060 —0.69549 0.30764 0.52379 —1.09600 31 255.69
34 239.22 1.27296 0.91228 —0.83329 0.10233 0.47216 — 1.29081 34 239.22
37 224.78 1.18147 0.90363 —0.96917 —0.10323 0.41434 —1.47833 37 224.78
40 211.99 1.07321 0.88355 —1.10408 —0.31052 0.35040 —1.65846 40 211.99
43 200.56 0.76560 0.73499 —1.25918 —0.73442 0.14917 —1.87947 43 200.56
46 190.29 0.65153 0.70617 — 1.38941 —0.92451 0.08480 —2.04415 46 190.29

N T(s) d=’7l.Okm d108.Skni N T(s)

S~’
1 Q~jj s~1 p~’)

19 360.00 0.36521 0.41262 —0.48826 0.105~7 0.29105 —0.61650 19 360.00
22 324.93 0.14745 0.39310 —0.69905 —0.20963 0.23188 —0.86994 22 324.93
25 297.39 —0.13097 0.34159 —0.93499 —0.57872 0.14317 —1.14369 25 297.39
28 274.80 —0.42705 0.27172 —1.17363 —0.95255 0.04077 —1.41222 28 274.80
31 255.69 —0.72180 0.19112 —1.40326 —1.30824 —0.06615 —1.66198 31 255.69
34 239.22 —1.01684 0.10109 —1.62704 —1.64787 —0.17617 —1.89609 34 239.22
37 224.78 —1.29542 0.00992 —1.83624 —1.95673 —0.28185 —2.10692 37 224.78
40 211.99 —1.55820 —0.08160 —2.02979 —2.23551 —0.38228 —2.29361 40 211.99
43 200.56 —1.99515 —0.29730 —2.26110 —2.70056 —0.60286 —2.52414 43 200.56
46 190.29 —2.21034 —0.37802 —2.42338 —2.90990 —0.68375 —2.66560 46 190.29
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N T(s) d271.Okm d’371.Okm N T(s)

Q~~) p~) Q~)
19 360.00 —0.57751 0.06305 —0.85212 —1.20334 —0.11086 —1.06039 19 360.00
22 324.93 — 1.04092 —0.05311 — 1.15884 — 1.70877 —0.24543 — 1.37646 22 324.93
25 297.39 —1.51413 —0.18627 —1.46421 —2.16130 —0.37895 —1.65956 25 297.39
28 274.80 —1.94515 —0.31827 —1.74081 —2.51872 —0.49524 —1.88616 28 274.80
31 255.69 —2.31213 —0.43941 —1.97516 —2.77192 —0.58768 —2.04914 31 255.69
34 239.22 —2.62298 —0.54925 —2.17268 —2.94084 —0.65883 —2.15980 34 239.22
37 224.78 —2.87349 —0.64381 —2.33065 —3.03570 —0.70907 —2.22233 37 224.78
40 211.99 —3.06834 —0.72319 —2.45077 —3.06852 —0.74096 —2.24283 40 211.99
43 200.56 —3.36258 —0.88010 —2.59973 —3.12571 —0.81389 —2.27645 43 200.56
46 190.29 —3.45524 —0.92547 —2.65429 —3.06653 —0.81246 —2.23316 46 190.29

N T(s) d471.Okm d=571.Okm N T(s)

pf~)

l9 360.00 —1.18376 —0.22561 —0.99596 —1.28216 —0.27932 —1.05295 19 360.00
22 324.93 —1.60017 —0.35386 —1.22660 —1.61393 —0.38407 —1.23132 22 324.93
25 297.39 — 1.93388 —0.46573 — 1.40429 — 1.83977 —0.46370 — 1.33765 25 297.39
28 274.80 —2.15876 —0.54943 —1.51924 —1.95144 —0.51214 —1.37411 28 274.80
31 255.69 —2.27783 —0.60273 — 1.57467 — 1.96467 —0.53141 — 1.35374 31 255.69
34 239.22 —2.31660 —0.63139 — 1.58552 — 1.91037 —0.52925 — 1.29658 34 239.22
37 224.78 —2.29265 —0.63943 —1.56121 —1.81031 —0.51133 —1.21579 37 224.78
40 211.99 —2.22136 —0.63119 —1.50979 —1.68088 —0.48247 —1.12059 40 211.99
43 200.56 —2.15653 —0.64194 —1.46018 —1.55150 —0.46291 —1.02809 43 200.56
46 190.29 —2.02815 —0.60970 — 1.37550 — 1.40018 —0.42166 —0.92489 46 190.29
N T(s) d~~671.0km N T(s)

s~1 p~)
19 360.00 — 1.13036 —0.27869 —0.95596 19 360.00
22 324.93 — 1.33978 —0.34659 — 1.06863 22 324.93
25 297.39 — 1.44578 —0.38685 — 1-10865 25 297.39
28 274.80 — 1.45729 —0.39977 — 1.08754 28 274.80
31 255.69 —1.39763 —0.39087 —1.02314 31 255.69
34 239.22 —1.29654 —0.36833 —0.93572 34 239.22
37 224.78 — 1.17367 —0.33778 —0.83799 37 224.78
40 211.99 —1.04188 —0.30315 —0.73781 40 211.99
43 200.56 —0.91539 —0.27483 —0.64366 43 200.56
46 190.29 —0.79095 —0.23893 —0.55344 46 190.29
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TABLE Al (continued)

N T(s) d9.75krn d=16.Okm d33.Okm N T(s)

Pt’) Q12 ~t’1 Pt’)
19 373.9-5 —2.65478 —0.06101 —2.65306 —0.08781 —2.64840 —0.11643 19 373.95
22 332.24 —2.84729 —0.06839 —2.84505 —0.09843 —2.83919 —0.12458 22 332.24
25 299.16 —2.99909 —0.07508 —2.99633 —0.10803 —2.98920 —0.13070 25 299.16
28 272.21 —3.10921 —0.08096 —3.10584 —0.11649 —3.09743 —0.13490 28 272.21
31 249.77 —3.19577 —0.08644 —3.19182 —0.12436 —3.18215 —0.13809 31 249.77
34 230.78 —3.26105 —0.09154 —3.25645 —0.13167 —3.24551 —0.14042 34 230.78
37 214.48 —3.31028 —0.09633 —3.30506 —0.13855 —3.29278 —0.14215 37 214.48
40 200.35 —3.34721 —0.1008.9 —3.341~4~ —0.14510 —3.32763 —0.14345 40 200.35
43 187.96 —3.37433 —0.10527 —3.36763 —0.15137 —3.35268 —0.14443 43 187.96
46 177.01 —3.39341 —0.10948 —3.38602 —0.15740 —3.36966 —0.14518 46 177.01

N T(s) d43.0 km d53.0 km d62.0 km N T(s)

Pt’1 - P~]~ P~’1 -

I9 373.95 —2.64451 —0.14412 —2.63976 —0.17280 —2.63470 —0.20004 19 37395
22 332.24 —2.83441 —0.l5220 —2.82863 —0.18084 —2.82252 —020805 22 332.24
25 299.16 —2.98356 —0.15752 —2.97677 —0.18538 —2.96970 —0.21189 25 299.16
28 272.21 —3.09101 —0.16034 —3.08329 —0.18683 —3.07533 —0.21206 28 272.21
31 249.77 —3.17484 —0.16182 —3.16625 —0.18661 —3.15747 —0.21025 31 249.77
34 230.78 —3.21743 —0.16221 —3.22810 —0.18504 —3.21865 —0.20687 34 230.78
37 214.48 —3.28402 —0.16184 —3.27389 —0.18256 —3.26376 —0.20241 37 214.48
40 200.35 —3.31812 —0.16095 —3.30731 —0.17945 —3.29668 —0.19725 40 200.35
43 187.96 —3.34241 —0.15968 —3.33103 —0.17591 —3.31964 —0.19158 43 187.96
46 177.01 —3.35884 —0.15814 —3.34669 —017207 —3.33508 -—0.18560 46 17701

N T(s) d7l.Okm d’= 108.5 km 146.0 km N T(s)
ph) ç~(I) p(l) ‘ ~(l) p(l)

L ‘~L L L

19 373.95 —2.62890 —0.24205 —2.58915 —0.44160 —2.52844 —0.62900 19 373.95
22 332.24 —2.81554 —0.25052 —2.76762 —0.46154 —2.69401 —0.65892 22 332.24
25 299.16 —2.96170 —0.25380 —2.90607 —0.47254 —2.82035 —0.67634 25 299.16
28 272.21 —3.06639 —0.25256 —3.00392 —0.47563 —2.90712 —0.68268 28 272.21
31 249.77 —3.14770 —0.24888 —3.07909 —0.47445 —2.97189 —0.68305 31 249.77
34 230.78 —3.20808 —0.24327 —3.13385 —0.46989 —3.01721 —0.67869 34 230.78
37 214.48 —3.25255 —0.23638 —3.17332 —0.46298 —3.04788 —0.67104 37 214.48
40 200.35 —3.28494 —0.22862 —3.20122 —0.45452 —3.06792 —0.66117 40 200.35
43 187.96 —3.30759 —0.22028 —3.21987 —0.44495 —3.07926 —0.64982 43 187.96
46 177.01 —3.32241 —0.21157 —3.23135 —0.43465 —3.08380 —0.63740 46 177.01

N T(s) d183.Skm d271.Okm d371.Okm N T(s)

Pt’1 Q12 Pt’1 Pt’1 Q(~)
19 373.95 —2.44509 —0.81464 —2.17924 —1.07172 —1.82907 —1.17836 19 373.95
22 332.24 —2.59281 —0.85437 —2.27059 —1.11730 —1.85256 —1.20105 22 332.24
25 299.16 —2.70218 —0.87815 —2.32644 —1.14188 —1.84634 —1.20001 25 299.16
28 272.21 —2.77338 —0.88773 —2.34863 —1.14801 —1.81393 —1.17952 28 272.21
3! 249.77 —2.82363 —0.88980 —2.35287 — 1.14460 — 1.76920 — 1.14973 31 249.77
34 230.78 —2.85543 —0.88577 —2.34211 —1.13359 —1.71502 —1.11329 34 230.78
37 214.48 —2.87362 —0.87757 —2.32088 —1.11755 —1.65529 —1.0731! 37 214.48
40 200.35 —2.88185 —0.86659 —2.29250 — 1.09829 — 1.59297 — 1.03122 40 200.35
43 187.96 —2.88240 —0.85366 —2.25900 —1.07686 —1.52947 —0.98867 43 187.96
46 177.01 —2.87712 —0.83944 —2.22182 —1.05416 —1.46612 —0.94634 46 177.01
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TABLEA2

Theexcitation functionsfor variousdm

N T(s) d471,Okm d571.Okm d=r671.Okm N T(s)

QL’>
19 373.95 —1.50466 —0.94122 —1.21l11 —0.86453 —0.94700 —0.68984 19 373.95
22 332.24 — 1.47510 —0.92954 — 1.14498 —0.82569 —0.85737 —0.63776 22 332.24
25 299.16 —1.42384 —0.89981 —1.06668 —0.77276 —0.7655! —0.57768 25 299.16
28 272.21 — 1.35538 —0.85685 —0.98071 —0.71121 —0.67507 —0.51454 28 272.21
31 249.77 —1,28117 —0.80914 —0.89596 —0.6490! —0.59190 —0.45433 31 249.77
34 230.78 — 1,20386 —0.75911 —0.81408 —0.58821 —0.51648 —0.39836 34 230.78
37 214.48 —1.12651 —0.70897 —0.73688 —0.53070 —0.44921 —0.34761 37 214.48
40 200.35 —1.05102 —0.66019 —0.6652! —0.47729 —0.38983 —0.30234 40 200.35
43 187.96 —0.97837 —0.61343 —0.59931 —0.42828 —0.33777 —0.26232 43 187.96
46 177.01 —0,90927 —0.56918 —0.53916 —0.38372 —0.29236 —0.22721 46 177.0!

N T(s) dM24.5km dM38.Okm N T(s)

S~ P~ Q>R’
1 S~ P~

19 360.00 1.88277 0.95241 —0.01278 1.75525 0.91031 —0.04007 19 360.00
22 324.93 2.2323! 1.1533! —0.01493 2.05668 1.09236 —0.05725 22 324.93
25 297.39 2.53297 1.33722 —0.03117 2.30782 1.25518 —0.08874 25 297.39
28 274.80 2.80258 1.50556 —0.04522 2.52596 1.40105 —0.12055 28 274.80
31 255.69 3.03552 1.65558 —0.05742 2.70790 1.52810 —0.15211 31 255.69
34 239.22 3.22910 1.78568 —0.07858 2.85169 1.63503 —0.19196 34 239.22
37 224.78 3.40401 1.90411 —0.09598 2.97683 1.73012 —0.22950 37 224.78
40 211.99 3.55021 2.00749 —0.11640 3.07512 1.81045 —0.26976 40 211.99
43 200.56 3.50597 1.99518 —0.15583 2.98630 1.77250 —0.32712 43 200.56
46 190.29 3.62578 2.08289 —0.17853 3.06067 1.83769 —0.36941 46 190.29

N T(s) dM”48.Okm dM57.5km N T(s)

P~<’> s>~’> p,~’>

19 360.00 1.69298 0.88654 —0.05684 1.63582 0.86422 —0.07312 19 360.00
22 324.93 1.96935 1.05809 —0.08254 1.88901 1.02597 —0.10685 22 324.93
25 297.39 2.19416 1.20922 —0.12308 2.08931 1.16623 —0.15610 25 297.39
28 274.80 2.38510 1.34275 —0.16505 2.25504 1.28832 —0.20768 28 274.80
31 255.69 2.54019 1.45730 —0.20735 2.38534 1.39132 —0.26002 3! 255.69
34 239.22 2.65773 - 1.55171 —0.25772 2.47868 1.47420 —0.32031 34 239.22
37 224.78 2.75694 1.63430 —0.30622 2.55412 1.54534 —0.37899 37 224.78
40 211.99 2.83034 1.70240 —0.35719 2.60480 1.60227 —0.43988 40 211.99
43 200.56 2.71334 1.64925 —0.42752 2.46515 1.53691 —0.52029 43 200.56
46 190.29 2.76380 1.70238 —0.48068 2.49463 1.57944 —0.58289 46 190.29

N T(s) dM66.5km dM89.75km N T(s)

s~) Pf(’>

19 360,00 1.58186 0.84372 —0.08864 1.50009 0.80294 —0.12388 19 360.00
22 324.93 1.81370 0.99656 —0.12975 1.69272 0.93818 —0.18139 22 324.93
25 297.39 1.99147 1.12698 —0.18701 1.82811 1.04924 —0.25669 25 297.39
28 274.80 2.13428 1.23879 —0.24726 1.92721 1.14086 —0.33623 28 274.80
31 255.69 2.24224 1.33147 —0.30852 1.99218 1.21338 —0.41710 31 255.69
34 239.22 2.31395 1.40412 —0.37755 2.02185 1.26611 —0.50543 34 239.22
37 224.78 2.36838 1.46517 —0.44503 2.03533 1.30760 —0.59210 37 224.78
40 211,99 2.39912 1.51232 —0.51439 2.02707 1.33589 —0.67986 40 211.99
43 200.56 2.23831 1.43562 —0.60447 1.82507 1.23903 —0.78818 43 200.56
46 190.29 2.24947 1.46890 —0.67513 1.80109 1.25488 —0.87555 46 190.29
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TABLE A2 (continued)

N T(s) dM24.Skm dMz
38.O dM48.O N T(s)

Pt’~’ Qj~) Pt’~ Q~) Pt’~ Q~
19 373.95 —2.65382 —0.07593 —2.65127 —0.09502 —2.64951 —0.10783 19 373.95
22 332.24 —2.84604 —0.0851! —2.84281 —0.1037! —2.84062 —0.11637 22 332.24
25 299.16 —2.99755 —0.09342 —2.99362 —0.11099 —2.99099 —0.12314 25 299.16
28 272.2! —3.10734 —0.10074 —3.10267 —0.11684 —3.09963 —0.12819 28 272.21
31 249.77 —3.19357 —0.10755 —3.18819 —0.12194 —3.18471 —0.13235 31 249.77
34 230.78 —3.25849 —0.11388 —3.25237 —0.12639 —3.24847 —0.13574 34 230.78
37 214.48 —3.30738 —0.11983 —3.30050 —0.13035 —3.29620 —0.13857 37 214.48
40 200.35 —3.34389 —0.12550 —3.33623 —0.13396 —3.33150 —0.14100 40 200.35
43 187.96 —3.37060 —0.13093 —3.36216 —0.13729 —3.35700 —0.14314 43 187.96
46 177.01 —3.38930 —0.13615 —3.38004 —0.14041 —3.37451 —0.14504 46 177.01

N T(s) dM57.5km dM66.5km dM89.75km N T(s)

PfP Q~P Pt’~
19 373.95 —2.64755- —0.12086 —2.64548 —0.13360 —2.64083 —0.16403 19 373.95
22 332.24 —2.83822 —0.12929 —2.83569 —0.14197 —2.83004 —0.17243 22 332.24
25 299.16 —2.98814 —0.13561 —2.98517 —0.14789 —2.97859 —0.17761 25 299.16
28 272.21 —3.09635 —0.13995 —3.09297 —0.15156 —3.08551 —0.17990 28 272.21
31 249.77 —3.18101 —0.14323 —3.17722 —0.15402 —3.16894 —0.18064 31 249.77
34 230.78 —3.24439 —0.14562 —3.24025 —0.15548 —3.23122 —0.18011 34 230.78
37 214.48 —3.29173 —0.14739 —3.28723 —0.15625 —3.27750 —0.17873 37 214.48
40 200.35 —3.32665 —0.14871 —3.32183 —0.15652 —3.31148 —0.17675 40 200.35
43 187.96 —3.35180 —0.14971 —3.34662 —0.15645 —3.33567 —0.17436 43 187.96
46 177.01 —3.36893 —0.15046 —3.36348 —0.15611 —3.35196 —0.17167 46 177.01
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