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of Large Earthquakes Determined From Long-Period Rayleigh Waves

J1ATUN ZHANG AND HIrRoO KANAMORI

Seismological Laboratory, California Institute of Technology, Pasadena

The depths and source mechanisms of nine large shallow earthquakes were determined from long-period
(150 to 300 s) Rayleigh waves recorded by the Global Digital Seismograph Network (GDSN) and Interna-
tional Deployment of Accelerometers (IDA) networks. We inverted the data set of complex source spectra
for a moment tensor (linear) or a double couple (nonlinear). By solving a least squares problem, we obtained
the centroid depth or the extent of the distributed source for each earthquake. The depths and source
mechanisms of large shallow earthquakes determined from long-period Rayleigh waves depend on the models
of source finiteness, wave propagation, and excitation. We tested various models of source finiteness, Q,
group velocity, and excitation in the determination of earthquake depths. In order to determine the depth of
large earthquakes from long-period surface waves, source-finiteness effects must be corrected using adequate
models. The depth estimates obtained using the Q model of Dziewonski and Steim (1982) and the excitation
functions computed for the average ocean model of Regan and Anderson (1984) are considered most reason-
able. Dziewonski and Steim’s Q model represents a good global average of Q determined over a period
range of the Rayleigh waves used in this study. Since most of the earthquakes studied here occurred in sub-
duction zones, Regan and Anderson’s average ocean model is considered most appropriate. Our depth esti-
mates are in general consistent with the Harvard centroid-moment tensor (CMT) solutions. The centroid
depths and their 90% confidence intervals (numbers in parentheses) determined by the Student’s t test are
Colombia-Ecuador earthquake (December 12, 1979), d = 11 km (9, 24 km); Santa Cruz Island earthquake
(July 17, 1980), d = 36 km (18, 46 km); Samoa earthquake (September 1, 1981), d = 15 km (9, 26 km);
Playa Azul, Mexico, earthquake (October 25, 1981), d = 41 km (28, 49 km); El Salvador earthquake (June
19, 1982), d = 49 km (41, 55 km); New Ireland earthquake (March 18, 1983), d = 75 km (72, 79 km);
Chagos Bank earthquake (November 30, 1983), d = 31 km (16, 41 km); Valparaiso, Chile, earthquake
(March 3, 1985), d = 44 km (15, 54 km); Michoacan, Mexico, earthquake (September 19, 1985), d = 24 km

(12, 34 km).

1. INTRODUCTION

Investigation of the depth extent of faulting of large earth-
quakes is important for a better understanding of the state of
stress and the mechanical properties of fault zones. Large shal-
low thrust earthquakes usually occur on the interface between
the subducting oceanic lithosphere and the overriding continen-
tal or island-arc lithosphere, and are due to relative plate
motion. The earthquakes which occurred seaward of, or
beneath, the trench within the oceanic plate are mainly normal-
fault events and are interpreted as the results of bending or
arching of the oceanic plate or the slab pulling. The tearing of
the lithosphere is also considered as the cause of some shallow
earthquakes. The distribution and mechanism of earthquakes
near midocean ridges may indicate that the thermal contraction
resulted from cooling of the hot material moving away from the
ridge is an important source of stress in young lithospheres
[Wiens and Stein, 1983, 1984; Bergman and Solomon, 1984].

The depth and other source parameters of earthquakes have
been traditionally determined from the arrivals of the earliest
waves, which have a common origin at a point in the source
region. Another approach to estimate these parameters is to
use the waveforms or spectra of body waves, surface waves, or
free oscillations of the earth excited by the earthquake. For
large earthquakes the results obtained from the second approach
are not related to the motion of a point in the source region at
any moment, but are spatially and temporally averaged quanti-
ties about the source of the earthquake. In this approach, the
centroid location and time, which represent in some sense the
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best location and time of an equivalent point source, are deter-
mined [Backus and Mulcahy, 1976; Dziewonski et al,, 1981;
Dziewonski and Woodhouse, 1983].

Many studies have focused on the determination of source
parameters from long-period surface wave or free oscillation
data [Aki, 1960a, b; Kanamori, 1970; Gilbert and Dziewonski,
1975; Dziewonski et al., 1981; Kanamori and Given, 1981;
Silver and Jordan, 1983]. For very large earthquakes, the cen-
troid depth from long-period data may not coincide with that
from shorter-period, body wave observations. Romanowicz and
Guillemant [1984] proposed a method to retrieve the centroid
depth and the moment tensor of large earthquakes using spectra
of long-period Rayleigh waves. The determination of the cen-
troid depth involves a nonlinear inverse problem.

There are several difficulties preventing accurate depth deter-
mination using long-period surface waves. First, large shallow
earthquakes have large rupture extents and long duration. Their
lateral rupture extent is often comparable to, or larger than, the
vertical extent. The source process of large earthquakes is in
general complex because asperities in the fault zone cause com-
plexities in the spatial and temporal variation of the dislocation
along the fault plane. Second, the differences in the lithosphere
structure between different regions may not be negligible in the -
excitation of these waves. Third, the corrections for the propa-
gation effects on the amplitudes and phases of waves are often
very large. v

Recent progress in the studies of source finiteness
[Romanowicz and Monfret, 1986; Zhang and Kanamori, 1988]
and the lateral heterogeneity of the earth [Nakanishi and Ander-
son, 1983, 1984; Woodhouse and Dziewonski, 1984; Tanimoto,
1985, 1986] made possible a direct use of surface wave data in
the determination of the depth extent of large earthquakes.
Various global average or laterally heterogeneous models for

4850



ZHANG AND KANAMORL DEPTHS OF LARGE EARTHQUAKES

phase velocity, group velocity, Q, and surface wave excitation
or free oscillation of the earth have been developed [e.g.,
Kanamori, 1970; Dziewonski and Anderson, 1981; Dziewonski
and Steim, 1982; Anderson and Given, 1982; Nakanishi and
Anderson, 1984; Regan and Anderson, 1984]. An examination
of the effects of the choice of different earth models on the
determination of the depth and other source parameters is
necessary.

In this paper, we made a detailed study in the depth determi-
nation of large shallow earthquakes using various models for
excitation and propagation of surface waves. We first describe
the method to retrieve the depth and. the mechanism of a
moment tensor or double couple source, which is similar to the
method of Romanowicz and Guillemant [1984]. We deter-
mined the source depth and mechanism of nine earthquakes
from long-period Rayleigh waves recorded by the Global Digi-
tal Seismograph Network (GDSN) and International Deploy-
ment of Accelerometers (IDA) networks.

2. METHOD

2.1. Moment Tensor Inversion

We use the notation of Kanamori and Given [1981]. The
source spectrum of surface waves excited by a step-function
point source is a linear function of a frequency-independent
moment tensor (M , My, ,M,, , My ,M,, , M. ) We
write the source spectrum as

V(w, h, §) = (o, h, §) + i B(e, k, 0) @
For a deviatoric moment tensor, the real ( o ) and imaginary

( B ) parts of the spectrum are

o == P(w, k)M, sin20 + %Pk‘”(m, R)(M,, — My )cos20

= 2S00, My + M) (22)
B = O8™(w, )M, sind + OF(w, k)M, cosd (2b)
for the vertical component of Rayleigh waves, and
o=— —%—Plfl)(co, h )M,y — Mye)sin20
- P, h)M,,cos2d (3a)
B =— O, h)Mysing + 0w, h)M,, cosd (3b)

for the transverse component of Love waves. Here ® is the
angular frequency, and PV, SV, O, PV, and QP are the
excitation functions given by Kanamori and Stewart [1976],
which depend on the elastic properties in the source region and
the source depth (h).

The spectrum V (®,k,0) can be calculated from the spectrum
of the surface wave seismogram U,(P,®) corrected for instru-
ment response, propagation, and source finiteness.

Romanowicz and Guillemant [1984] proposed a two-step
inversion procedure to solve the system of equations (2). The
first step inversion solves the following system:

BD=V C))

where
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—sin20, 500524), -3 0 0
0 0 0 sind; cosd;
—sin2d, %0052(1)2 —% 0 0
0 0 0 sind, cosd,
B =
S0y —cos2oy -+ 0 0
NN T2
0 0 0 sindy cosdy

and

D = [PR“)(CD. Ry, P, h)(My, — M),

SEN®, hYMy, + M), O (@, h)M,,, O @, )M ]T

and

V= [a(co,h,m), B, hy 8y, <

T
oo, h, o), Bo, k. 00)

where N is the number of records obtained from stations with
azimuths 01, - - ,0y from the source. B is an 2N X 5 real
matrix, and V is a real vector with dimension 2N. The system
(4) is solved for D(w) using the data vector V(w) at several
frequencies: @y, @y, - - , Ok.

In the second step, the moment tensor is determined from the
vectors D (w;), (i =1, ...,K) for given excitation functions.
The moment tensor can be obtained by solving the following
system:

T'M=A (5)
where

T
I'= [1“1,1"2, 'TK]

1—‘l' = diag [PR(I)((oiv h)v PR(I)(wiv h')v SR(I)((D,', h),
O w;, k), O, h)] (¢ =1,..K)
T
M = [Mxy, My, — M), (Myy + M), M,y,, Mu]
and
ar
A= [DT((DI), DT(@y), .., DT(coK)]

The minimum sum of squares of the least squares (LS) problem
in the second step can be written as

pds = |0 - T @ T'TA P

For each trial source depth, we calculate the error, pul‘/ﬁ(_ ,
the root-mean-square (RMS) of the residuals of the inversion.
Since the excitation function depends on the depth, the error is
a function of the depth. We invert (5) for the moment tensor
and find the depth that minimizes the error. However, if only
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one frequency is considered (K'=1), the error vanishes for any
given ftrial depth, since I" becomes diagonal and (5) is solved
exactly.

2.2. Fault Inversion

The method of Romanowicz and Guillemant [1984] can be
extended to estimate the source parameters and depth of a dou-
ble couple source. If the source is a double couple, (2) and (3)
are replaced by

o= P{Nw, k) M, pr + S§@, h) M, Sg (62)
B =0 (e, h) M, qr (6b)
and
a =P, k) M, pr (72)
B=0Mw k) M, g (7)

respectively, where M, is the scalar seismic moment, Sz , Pr »
qr » P » and qp are determined from the fault parameters, dip
angle §, slip angle A, and strike ¢; defined by Ben-Menahem et
al. [1965] (also see Kanamori and Stewart [1976]).

For Rayleigh waves, the system (4) is solved in the first step
for D(w) at various frequencies. Here the matrix B remains
the same as in (4), while the vector D (®) is replaced by

D = [P, hyms, PO, hyma, S0, hyms,

0@ hyma, 08w, Wyms ||
where
my = M, (—cos sind cos2¢; — sinA sind cosd sin2¢;) ;
mq = M, (2 cos\ sind sin2¢, — 2 sinA sind cosd cos20y) ;
ms = M, (-2 sin\ sind cosd) ;
my = M, (—cosA cosd sind; + sink cos2d cosdy) ;

ms = M, (sinA cos28 sing; + cosh cosd cosdy) .

Note m; (i=1,.,5 can be written as my=M, ,
ma= My, — M, , ms =My, + M, , mg=M,, , and
ms=M, , where M, , M,, , M,, , M, , and M,, are com-
ponents of the moment tensor corresponding to the double cou-
ple. )

In the second step, a system in the form of (5) is solved for
M,, 8, A, and ¢; using the vector I. Here I’y (i =1, ...,K)
remain the same as in (5), while the vector M is replaced by
M =(m,, my, ms, my, ms), where the m; are the nonlinear
functions of 8, A, and ¢, , defined above.

For a given depth, we solve the nonlinear system for M,, &,
A, and ¢, and calculate the error, prs/V5K . We find the depth
of the double couple source which minimizes the error.

The methods for the depth determination from Love waves
and from both Rayleigh and Love waves are given in the
appendix.

3. EARTH MODEL
The determination of the depth extent of earthquakes from
surface waves requires an accurate description of excitation
characteristics and propagation effects.
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Fig. 1. Comparison of three models of attenuation for Rayleigh waves:
the model of Kanamori [1970] (squares), the PREM model (triangles),
and the model of Dziewonski and Steim [1982] (circles).

3.1. Phase Velocity and Q

Recently several laterally heterogeneous earth models of
phase velocities have been proposed [Nakanishi and Anderson,
1983, 1984; Woodhouse and Dziewonski, 1984; Tanimoto,
1985, 1986]. In this study, the phase shifts of surface waves
due to propagation are corrected using the laterally heterogene-
ous earth model M84C obtained by Woodhouse and Dziewon-
ski [1984]. Romanowicz and Monfret [1986] used several
models of phase velocity to correct for the observed phase
delays due to propagation. Their results indicate that the
choice of the phase velocity model is not critical to the esti-
mates of the depth and source parameters.

The propagation effects on the amplitude are corrected with
models of group velocity and Q. In the period range con-
cerned, the global average of the group velocity of mantle Ray-
leigh waves is probably good to better than 1% [Mills and
Hales, 1977, 1978; Mills, 1978; Fukao and Kobayashi, 1983;
Dziewonski and Steim, 1982; Nakanishi and Anderson, 1984].
In the following, we use three different models, which are the
model of Kanamori [1970], PREM [Dziewonski and Anderson,
1981], and the model of Nakanishi and Anderson [1984].

In contrast with the similarities between the group velocity
data given by different investigators, the published data on
attenuation of surface waves or normal modes often differ by
more than 5% in the period range from 150 to 300 s. Figure 1
shows the Q values in the period range for three models, the
model of Kanamori [1970], PREM, and the model of Dziewon-
ski and Steim [1982]. In the period range concerned, the last
model is consistent with the data set compiled by Anderson and:
Given [1982] from Anderson and Hart [1978a, b], Chael and
Anderson [1982], Nakanishi [1979], and Dziewonski and Steim
[1982]. We determined the depths of earthquakes using three
models of the group velocity and Q. The first model is the
model of Kanamori [1970] (hereinafter referred to as K70).
The second model is PREM. The third model uses the Q given
by Dziewonski and Steim [1982] and group velocities by
Nakanishi and Anderson [1984]. Later we will refer to the last
model as D-S. Since these models differ principally in Q
rather than in the group velocity, we will call them Q models.
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Fig. 2. Shear velocities at a reference period of 1 s in the uppermost
100 km for the models of 5.08M [Press, 1970; Kanamori, 1970], PREM
[Dziewonski and Anderson, 1981], the average ocean (R-A), and 20 -
50 Ma ocean (R-AY) of Regan and Anderson [1984]. (a) Horizontal
and (b) vertical components of shear velocities are shown for layers of
anisotropic structure.

3.2. Excitation

As seen from (5), the wave excitation is directly related to
the determination of source parameters. We investigated the
effect of different choices of the earth model on the depth esti-
mates. We used four spherically symmetric earth models:

1. 5.08M [Press, 1970; Kanamori, 1970]. This model is the
simplest considered here, in which the lithosphere (Lid) spans a
depth range from 16 km, the depth of the Moho, to 71 km, the
top of the low-velocity zone (LVZ), where the shear wave
velocity drops by 7%.

2. PREM [Dziewonski and Anderson, 1981].

3. The average oceanic model A of Regan and Anderson
[1984] (hereinafter referred to as R-A). This model has a Lid
from 12 to 47 km, the top of the LVZ, where the velocity
discontinuity is about 7%.

4. The model for the ocean of 20-50 Ma in age of the ocean
floor of Regan and Anderson [1984] (hereinafter referred to as
R-AY). This model is close to R-A except that the Lid is
thinner and the velocity in the crust is higher.

Figures 2a and 2b show the shear velocity at a reference
period of 1 s in the upper 100 km for these earth models.
PREM, R-A, and R-AY are anisotropic. In PREM there is no
Lid at the period of 1 s, and the bottom of the Lid is at 80-km
depth at the period of 200 s. In these anisotropic models, at a
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reference period of 200 s, the velocity above the LVZ in each
model remains about the same as that at 1 s, while in the LVZ
it drops by about 2% from the velocity at 1 s. A very pro-
nounced high-velocity Lid is a prominent feature of 5.08M, R-
A, and R-AY compared with PREM. For each earth model, we
computed the source excitations and used them for the depth
determination.

4. SoURCE FINITENESS

Because of the long duration and the large spatial extent of
the earthquakes studied here, the source phase and amplitude
spectra for the period range considered differ considerably from
the spectra of a point source with a step time function. The
method to measure the magnitude of source-finiteness effects
on the spectra of long-period surface waves and the observabil-
ity of the source finiteness is described by Zhang and Kanamori
[1988] (hereinafter referred to as ZK). We use their notation in
the following. The observability of the source finiteness is
measured by n(®) = V(®) S(w)e(®), where V(w) is the
amplitude spectrum averaged over all stations, S (®) is the mag-
nitude of the spectral variation due to the source finiteness, and
g(w) is a measure of the noise given by the error in the inver-
sion. For the 1979 Colombia-Ecuador earthquake, § is greater
than 1 for the period range of 150 to 300 s, indicating that the
deviation from the point-source spectra is significant.

Several simple models have been used to represent the
source of large earthquakes. The first model is a point source
with a step time function. The second model is a point source
with a step time function with a delay time, which is deter-
mined from the phase spectra. The delay time may be con-
sidered as the half source duration. This model is used by
Romanowicz and Monfret [1986]. The phase spectra are
corrected for the source-finiteness effects before the inversion.
The third is a point source with finite source duration. The last
is a finite-fault or propagating source. For the last two models,
both the amplitude and phase spectra are corrected before the
inversion. ZK used a finite-fault model to study the source
directivity of large earthquakes. The model parameters are the
rupture length, the rupture azimuth, the rupture velocity, and
the rise time.

For a unilateral fault with rupture velocity V, length L, and
dislocation time 7, the overall source duration is given as

L
Lh=—=+7
1%
For a bilateral faulting, the source duration can be obtained in
the same way, with L replaced by the length of the larger seg-
ment. The source-finiteness effect for a point source with finite

duration is given by

sin(® 7/2)  sin(® 1/2)
(@ tf/2) (0 1/2)

exp(—i ® 1;/2)

where {; = L/V is the rupture duration or the rupture time.
For a point source with a delay time t,, the source-finiteness
effect is given by

exp(—i® Ty)

The source finiteness causes phase delay. Ben-Menahem
[1961] introduced the directivity function and showed that radi-
ation of waves is strongly diminished at the periods close to the
rupture time. In general the source finiteness diminishes the
amplitude of short-period waves. Shallow earthquakes have
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TABLE 1‘. Epicentral Data for Events Used in This Study

Event Location Date UTC Latitude Longitude M,
1 Colombia-Ecuador Dec. 12, 1979 0759:03.3 1.598°N 79.358°W 7.7
2 Santa Cruz Island TJuly 17, 1980 1942:23.2 12.525°S 165.916°E 7.9
3 Samoa Sept. 1, 1981 0929:31.5 14.960°S 173.085°W 7.7
4 Playa Azul, Mexico Oct. 25, 1981 0322:15.5 18.048°N 102.084°W 73
5 El Salvador June 19, 1982 0621:58.0 13.313°N 89.339°W 7.0
6 New Ireland March 18, 1983 0905:50.0 4.884°S 153.581°E 1.6
7 Chagos Bank Nov. 30, 1983 1746:00.6 6.852°S 72.110°E 7.7
8 Valparaiso, Chile March 3, 1985 2247:07.3 33.135°S 71.871°W 78
9 Michoacan, Mexico Sept. 19, 1985 1317:47.3 18.190°N 102.533°W 8.1

relatively more. short-period energy than deep earthquakes for
the fundamental surface waves in the period range concerned.
Therefore the inversion of the spectra which are not corrected
for the phase delay or the amplitude effects due to the source
finiteness tends to place the centroid at a depth greater than the
true depth. In order to determine the depth of large earthquakes’
from long-period surface waves, source-finiteness effects must
be corrected using adequate models.

The finite-fault models of the earthquakes studied here are
determined using the method of ZK with the propagation phase
delay corrected for using the model M84C and the attenuation
corrected for using K70. ZK show that the average of the
differences between the source duration estimated with the
model M84C and with a homogeneous model [Gilbert and
Dziewonski, 1975] is around 10 s for large earthquakes. The
differences between the estimates of the source duration for
various earth models of Q are very small.

For the 1979 Colombia-Ecuador, the 1985 Valparaiso, Chile,
and the 1985 Michoacan, Mexico, earthquakes the finite-fault
models of the earthquakes determined by ZK are used in this
study. For other earthquakes studied here, we first computed
1(®) at various periods from 150 to 300 s, which measures the
observability of the source finiteness at a given period. Except
for the 1981 Samoa earthquake, all other earthquakes have larg-
est M(®) at 256 s. Therefore we used the data set of 256-s
period to obtain the finite-fault models of these earthquakes. In
determining the source-finiteness models of these earthquakes,
we used the spectra with the amplitudes corrected for the pro-
pagation effects using a spherically symmetric model of Q and
the group velocity K70.

For earthquakes of relatively small size, such as the 1982 El
Salvador and 1981 Playa Azul, Mexico, earthquake, the deter-
mination of the source directivity is difficult. The finite-fault
models of these earthquakes cannot be determined well. How-
ever, for these relatively small earthquakes, the difference
between the depth obtained using a point source model with
finite duration and that using the finite-fault model is very small
(less than 5 km). In the following, we estimate the depth of
large earthquakes using the finite-fault model, although the
source directivity of some earthquakes cannot be determined
with confidence.

5. DaTA

Table 1 lists the hypocentral parameters of nine large earth-
quakes studied here determined by the National Earthquake
Information Center (NEIC). The basic data are spectra at
periods from 150 to 300 s computed from the vertical com-
ponent Rayleigh waves (R, and R, phases). The periods used
are 150, 175, 200, 225, 256, 275, and 300 s. The propagation
corrections in the phase are made with the laterally heterogene-

ous earth model (M84C) obtained by Woodhouse and Dziewon-
ski [1984].

6. DEPTH DETERMINATION

We determined the source depth of the nine large earth:
quakes from the spectra of long-period Rayleigh waves using
the methods described above. We inverted the spectra corrected
for the source finiteness for a moment tensor or a double cou-
ple to determine the depth which minimizes the error in the
inversion.

We used various Q models and excitation functions discussed
above. For the purpose of illustrating the method, we used the
simplest combination, K70 Q model and excitation functions
computed for model 5.08M. This combination is denoted by
(K70, 5.08M). In order to see the effect of Q model and exci-
tation functions on depth, we tried different combinations
which are denoted in a similar fashion.

Tables 2 and 3 summarize the results obtained with the com-
bination of the D-S Q model and R-A earth model, we consider
most appropriate for our purpose. In the following, we discuss
the results for the individual events in detail. The Colombia-
Ecuador earthquake has the largest seismic moment among the
events studied. We describe the procedure for the determina-
tion of the depth for this event. For other earthquakes we
focus our discussion on specific features of each event.

6.1. 1979 Colombia-Ecuador Earthquake

The December 12, 1979, earthquake occurred near the coast
of Ecuador and caused exiensive damage in the Pasto-Tumaco-
Buenaventura area and on Gergona Island, Colombia. The
earthquake was located about 80 km landward from the Colom-
bia trench. It is a very large thrust event which occurred at the
boundary between the subducting Nazca plate and the overrid-
ing South America plate. The earthquake caused large
tsunamis 3 m (peak-to-trough) high along the Colombia coast
and extensive subsidence up to 1.6 m along a 200-km-long seg-
ment along the coast [Herd et al., 1981]. This indicates that
the depth of the earthquake is shallow.

The aftershocks of the earthquake are distributed from the
depth of a few kilometers to about 35 km [Mendoza and
Dewey, 1984]. The hypocenter of the main shock was deter-
mined at the depth of 29 km by the International Seismological
Centre (ISC), and 24 km by the NEIC. Mendoza and Dewey
[1984] pointed out that the depth phases in the complex P wave
trains of the earthquake cannot be identified with confidence,
but the data from regional stations permitted the determination
of the focal depth of 37.5 km with a precision of about 19 km
using only P wave arrival time data.

The Harvard centroid-moment tensor (CMT) solution of the
earthquake has a depth of 20 km [Giardini et al., 1985].
Romanowicz and Guillemant [1984] estimated the centroid
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TABLE 2. Results by Moment Tensor Inversion With (D-S, R-A)

Event Location Depth, by My Mg MM M, M, MéJOT Double Couple mo/Mo,
km M, & M 0 5 M 92 %
1 Colombia-Ecuador 11 - : : - T 214 150 600 3580 775 976 2088 -
2 SamtaCrzlland 36 0> % o W02 68 316 731 3360 599 1001 1756 6
3 Samoa 15 o8 226 ot 0 0 54 500 2609 908 128 3087 3102 6
4 Playa Azul, Mexico 41 ig:(l)f ig:gg ;813; igf)g ;g:gg 089 274 757 2800 635 973 1160 5
5 El Salvador ZC I e S A ooy 4 14 607 2869 3026 334 2426 908 7
6 New Ireland 75 igg ;‘6:‘5’ 3:2 o8 ﬂl)z 72 404 1092 1624 523 743 3178 11
7 Chagos Bank no a9 8 igf o igg 83  68.1 2746 1044 224 2587 2723 5
8 Vaparaiso, Chile 44 004 73 86 Iy _;gg 128 210 952 36 69.1 880 1781 5
9 Michoacan, Mexico 24 22 43 283 181255 544 1289 3084 M2 740 863 12

Moment tensor is in units of 102 dyn cm; M, and m, are the scalar moments of the major double couple and minor double couple, respectively;
depth is for the centroid; §; is the dip, A, the rake, and ¢; the strike in degree.

depth of the earthquake in the range from 0 to 30 km for the
assumed source time T = 60 to 75 s using long-period Rayleigh
waves. Silver and Jordan [1983] estimated the depth of the
earthquake to be about 29 km.

We determined the delay time and source process time of the
earthquake to be 58 and 118 s, respectively, from long-period
Rayleigh waves. The source directivity of the earthquake is
represented by a unilateral rupture 256 km long with a rupture
velocity of 2.5 km/s to N31°E and the ratio of rise time to
rupture time ¥ = 0.1 (ZK). We inverted the spectra corrected
for the source finiteness at periods of 150, 175, 200, 225, 256,
275, and 300 s to determine D () by solving (4). Then, for
each trial depth, we inverted (5) for a moment tensor or a dou-
ble couple. We determined the depth of the moment tensor or
double couple which minimizes the error in the inversion.

In calculating the amplitude spectrum of V from the
observed spectrum, values of group velocities and Q are
required. The inversion of (5) is made with excitation func-
tions computed for a given earth model. Since the Colombia-
Ecuador earthquake is the largest among the earthquakes stu-
died here, we determined its depth using various models of
source finiteness, wave propagation, and excitation. First, we
examined the effects of the source-finiteness model on the
depth determination using the combination (K70, 5.08M).

Figure 3 shows the RMS error in the moment tensor inver-
sion as a function of the assumed centroid depth for various
source-finiteness models for the Colombia-Ecuador earthquake.
The minimum of each error curve gives the estimate of the cen-
troid depth for each model. There are significant differences
between the estimates of the depth for different source-
finiteness models. The point source model has the largest
depth, 102 km. The estimates of the depth for the models of
the time delay and the point source with finite duration are 53
and 32 km, respectively.

For other earthquakes, we also compared the estimates of the
depth for these different source-finiteness models. Table 4 lists
the results for the centroid depth obtained for different source-
finiteness models for each earthquake. For all the earthquakes
studied here the inversion places the centroid at the largest
depth for the point source model, and places the centroid for
the time delay model at a depth larger than that for the point
source model with finite duration. The differences in depths
for models with a source delay time and with a finite duration
are significant for most of the earthquakes studied here.

For the Colombia-Ecuador earthquake, the centroid depth
was determined at 19 km for the finite-fault model (Figure 3),
which is significantly shallower than that for the point source
model of finite duration. For other earthquakes, no systematic

TABLE 3. Centroid Depths Determined in This Study
Compared With CMT Depths

Event Location Difnm’ Depth Range * CMT
1 Colombia-Ecuador 11 9-24 20
2 Santa Cruz Island 36 18 - 46 34
3 Samoa 15 9-26 20
4 Playa Azul, Mexico 41 28 - 49 32
5 El Salvador 49 41-55 52
6 New Ireland 75 72-79 70
7 Chagos Bank 31 16 - 41 10 fixed
8 Valparaiso, Chile 44 15-54 41
9 Michoacan, Mexico 24 12 - 34 21
* The depth range is for 90% confidence.
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Fig. 3. Colombia-Ecuador earthquake. Residual versus depth curves
for the moment tensor inversion are given for four different source-
finiteness models: step-function point source; constant time delay, T4 =
58 s; point source with finite duration, t; = 118 s, T=1{;/10; and
finite-fault model, L = 256 km, v = 2.5 km/sec, ¢¢=31°, 1= 0.1 x Liv.
The models K70 and 5.08M are used for attenuation and excitation,
respectively. Each curve is plotted relative to its minimum.

difference between the depths obtained for the two models was
found.

Figures 4a and 4b show the RMS error versus centroid-depth
curves for the finite-fault model from the moment tensor inver-
sion and fault inversion, respectively. The estimates of the
depth obtained from the two methods are the same, 19 km.
The estimate is consistent with the CMT depth, 20 km,
obtained by Giardini et al. [1985].

Since the earthquake generated a large tsunami and an exten-
sive subsidence on the coast of the Colombia, the rupture of the
earthquake may have reached the surface. Using the excitation
functions computed by Kanamori and Given [1981] for a distri-
buted source with uniform dislocation extending from the sur-
face to a certain depth, we inverted the data for the moment
tensor and double couple to determine the depth extent of the
faulting. The estimates of the depth extent are 30 km from the
moment tensor inversion and 33 km from the fault inversion.
Figure 4c shows the RMS error versus depth extent curve from
the moment tensor inversion, which has a minimum at 30 km.

Table 5 lists the moment tensor solution for the centroid
depth at 19 km, which is essentially a pure double couple. In
Figure 4d, the major double couple of the moment tensor is
compared with the solution of model (4) of Kanamori and
Given [1981]. Our results agree well with theirs. Table 6 lists
the fault solution, which indicates thrust faulting toward the
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Fig. 4. Colombia-Ecuador earthquake. Residual versus depth curves
are given for the finite-fault model. (a) Point source (centroid) by the
moment tensor inversion; (b) point source (centroid) by the fault inver-
sion; (c) distributed source by the moment tensor inversion; (d) the
mechanism of the major double couple listed in Table 5 (solid line) is
compared with the model (4) of Kanamori and Given [1981] (dashed
line). The models K70 and 5.08M are used.

east with a small right-lateral strike-slip component and a scalar
moment M, = 14.1x10% dyn cm. The fault plane extend from
the surface to about 33 km deep with the centroid at a depth of
19 km.

We now examine the effect of various models of wave pro-
pagation and excitation on the depth estimate of the earthquake.
Figure 5 shows the RMS errors in the moment tensor inversion
for the depth range from 10 to 30 km for several models of
group velocity, Q, and excitation function with source-finiteness
effects corrected for using the finite-fault model.

Figure 5a shows the results for different models of Q using
the excitation functions computed for 5.08M. We used three
models of Q: K70, PREM, and D-S. The estimate of the depth
obtained using K70 is deeper than that using PREM and D-S.

Figure 5b shows the results for different models of excitation
functions using D-S for Q. We used three models of excitation
functions: 5.08M, PREM, and R-A. PREM gives a deeper
depth than 5.08M and R-A.

Figure 5c shows the results for three combinations of
models: (K70, 5.08M), (PREM, PREM), and (D-S, R-A). The
depth obtained with the last model is 11 km.

TABLE 4. Centroid Depths (in Kilometers) Determined Using Various
Source-Finiteness Models by Moment Tensor Inversion With (D-S, R-A)

Event Location Point Time Duration Fault
Source Delay
1 Colombia-Ecuador 99 41 20 11
2 Santa Cruz Island 62 45 28 36
3 Samoa 37 17 14 15
4 Playa Azul, Mexico 54 42 40 41
5 El Salvador 55 55 54 49
6 New Ireland 75 76 75 75
7 Chagos Bank 55 38 29 31
8 Valparaiso, Chile 66 50 43 44
9 Michoacan, Mexico 73 38 23 24
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Fig. 5. Colombia-Ecuador earthquake. Residual versus depth curves by
the moment tensor inversion are given for the finite-fault model for
verious models of Q, group velocity, and excitation. (a) The model
5.08M is used for the excitation and K70, PREM, D-S for Q and the
group velocity. (b) The model D-S is used for Q and the group velocity
and 5.08M, PREM, R-A for the excitation. (c) The models D-S and
R-A, PREM, and K70 and 5.08M are used for attenuation and excita-
tion. Each curve is plotted relative to its minimum.

As we have illustrated above, the depth estimate depends on
the choice of the source-finiteness model, Q model, and excita-
tion functions. For the 1979 Colombia-Ecuador earthquake, if
we used the most reasonable source-finiteness model, we
obtained a range of 10 to 20 km for the estimate of the centroid
depth. For a very shallow depth (e.g., less than 15 km) the
inversion becomes unstable with the solution changing rapidly
for a small change of the assumed depth [Kanamori and Given,
1981]. The results obtained above indicate that the centroid
depth of the Colombia-Ecuador earthquake is shallower than 20
km. In Table 2, the result obtained for (D-S, R-A) with a fixed
dip angle of 15° is listed.

From the dip angle (25°), the depth extent (33 km), and the
rupture length (256 km), we calculated the width and the area
of the fault: W =70 km, A =2 x10* km? Using the rigidity
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Fig. 6. The depths obtained by the moment tensor inversion with vari-
ous Q models using the excitation functions computed for 5.08M. The
earthquakes are Colombia-Ecuador (C), Santa Cruz Island (SC), Samoa
(S), Playa Azul, Mexico (PA), El Salvador (ES), New Ireland (NI),
Chagos Bank (CB), Valparaiso, Chile (V), and Michoacan, Mexico (M).
The depths for D-S (circles), PREM (iriangles), and Harvard CMT
solutions (crosses) are plotted versus the depth for K70.

D =M,/yA ~ 1.4 m, and the stress drop Ac = 8uD/3nW ~ 8
bars for a scalar moment M, = 14x10%dyn cm.

The depth estimates of all the earthquakes studied here for
various combinations of Q models and excitation functions are
summarized in Figures 6 and 7. The results are listed in Tables

2,5, and 6.

6.2. 1980 Santa Cruz Island Earthquake

The July 17, 1980, Santa Cruz Island earthquake occurred in
the northem region of the New Hebrides island arc. The arc
extends from latitude 11°S to 21°S and forms a part of the
boundary between the Pacific and Australian plates. To the

p =5x10" dyn/cm?, we have the average dislocation west of the Santa Cruz volcanic chain, the northern New
TABLE 5. Results by Moment Tensor Inversion With (K70, 5.08M)
Event Location Depth, My MM, MM, M, M, Major Double Couple my/Mo,

km M, & M 4 3 A 6 %
I ColombiaEeuador 19 o5 ¢ Ty o 2L 152 2501195 286683 770 1766 S
2 SanaCrozlland 41 o5 57 oy 03 6 340 7663378 570 989 1738 1
3 Samoa 19 076 A% 0T 002 23 35 7052582 935 227 3000 2057 10
4  Playa Azul, Mexico 43 ig:(l)f ig:gg :_nggg igg; ;g:g% 092 284 78.0 282.0 622 96.4 1155 9
5 El Salvador 2 o0 e 008 0os To82 14 59128513000 340 2464 932 5
6 New Ireland LA I oS o8 72 4031101 1622 526 7373166 12
7 Chagos wank 36 107 109 :tg:(l) Iy igg 77 639 274.1 1033 26.4 2617 2700 2
8 Valparaiso, Chile 48 02 73 oy o2 o3 126 27 954 42 6.4 8761783 8
9 Michoacan, Mexico 30 2% &2 oy o 5 92 30811013062 634 739 932 13
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TABLE 6.v Results by Fault Inversion With (K70, S.QSM)

Event Location Depth,km M, S A [0)
1 Colombia-Ecuador 19 141+ 1.6 254+39 107.7£63 233 +£37
2 Santa Cruz Island 41 6.8+0.2 34114 762 +42 3375%32
3 Samoa 17 3407 742 +3.8 252.8+43 833 +£3.0
4 Playa Azul, Mexico 42 087002 27.6x09 79.6+37 282828
5 El Salvador 51 1.4+ 003 597+08 2859+16 301.8%1.5
6 New Ireland 78 7103 40.1+07 1061+21 159.6%29
7 Chagos Bank 36 76+02 639+08 2745+33 103.7+23
8 Valparaiso, Chile 44 121+ 05 211+ 1.1 952 +59 39148
9 Michoacan, Mexico 30 83+04 293+20 107.6+5.6 301.3+3.7

Hebrides trench is well developed with a strike of N20°W.
The earthquake is located to the east of, and very close to, the
trench axis, where the oceanic trench starts to bend westward.
The CMT depth of the earthquake is 34 km. In this region the
Australian plate moves N75°E with respect to the Pacific plate
[Le Pichon, 1968; Chase, 1971; Molnar and Sykes, 1971; John-
son and Molnar, 1972]. The focal mechanisms of the large
New Hebrides events that occurred through 1970 to the north
of 16° latitude show shallow thrust faulting with a consistent
east-northeast slip vector [Johnson and Molnar, 1972].

The July 17, 1980 (M, = 7.9), earthquake occurred about 50
km away to the west of the epicenter of the July 8, 1980
(M, =1.5), earthquake. The aftershocks of the two earth-
quakes are not clearly distinguishable. From the Preliminary
Determination of Epicenters (PDE) listings of the NEIC, the
aftershocks between July 8 and July 17 are distributed to the
south of the epicenter of the July 8 earthquake; however, after
the July 17 earthquake, most of the aftershocks occurred to the
north of the epicenter of the July 17 earthquake. The aft-
ershocks after the July 17 earthquake are distributed in an area
about 120 km long, and the aftershock area did not expand
significantly. The close location of the two large earthquakes
and the abrupt change of the location of the seismic activity
before and after the July 17 event suggest that both the July 8

Depths for Various Models of Excitation
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Fig. 7. The depths obtained by the moment tensor inversion with vari-
ous models of excitation functions using the D-S Q model. The excita-
tion functions are for the models of 5.08M (solid line), PREM (trian-
gles), R-A (circles), and R-AY (squares). Harvard CMT depths are
shown by crosses. The depths obtained are plotted versus the depth for
model 5.08M for each earthquake.

and July 17 events initiated at almost the same site, but the first
event ruptured to the south and the second ruptured to the
north. We considered the aftershock area of the July 17 event
to be about 120 km long to the north, which is consistent with
the analysis of the earthquake sequence (F. Tajima et al.,
manuscript in preparation, 1988).

We determined the rupture length and azimuth of the July 17
earthquake. The inversions of the spectra indicate that the rup-
ture of the earthquake is unilateral to the north of the epicenter.
Figures 8a and 8b show the rupture length and the rupture
azimuth estimated for various ratios of the rise time, T, to rup-
ture time, ¢ (yY=71/1I ), and several rupture velocities V,
respectively. Using V = 2 km/s and ¥ = 0.5, the estimates of
the rupture length and the rupture azimuth are 114 km and
N?22°W, respectively. These estimates are consistent with the
aftershock area and the strike of the trench.

We used this rupture model in the determination of the depth
of the earthquake. Although these estimates are subject to
errors due to the uncertainties in V and v, we found that using
other estimates obtained for different V and vy did not
significantly change the estimate of the depth. Figure 9a shows
the RMS error versus centroid-depth curve for the moment ten-
sor inversion using (K70, 5.08M). The moment tensor solution
is listed in Table 5, which is almost a pure double couple.

There is no evidence that the earthquake broke the surface.
Since the minimum error in the inversion for a centroid source
does not significantly differ from that for an extended source,
whether the earthquake broke the surface or not cannot be
determined from the analysis of long-period surface waves.

Kanamori and Given [1982] used IDA data and found the
dip angle of the earthquake to be about 33° for the source

Santa Cruz Island, 1980
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Fig. 8. Santa Cruz Island earthquake. The rupture parameters as func-
tions of the ratio 7 for the rupture velocities of 2 (solid line), 2.5 (dotted
line), and 3 (dashed line) km/sec. The inversion is at the period 256 s.
(a) The rupture length. The rupture is assumed to be unilateral toward
the north. (b) The rupture azimuth. The rupture is assumed to be uni-
lateral with a length of 120 km.
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Fig. 9. Santa Cruz earthquake. (a) Residual versus depth curves by
the moment tensor inversion are given for the finite-fault model
obtained. (b) The source mechanism of the major double couple listed
in Table 5 (solid line) is compared with the best double couple of the
Harvard CMT solution (dashed line).

depth of 33 km. Nakanishi and Kanamori [1984] examined P
wave first-motion data of the earthquake, which allow the dip
of one of the nodal planes to vary from 38° to 55°. They con-
strained the dip of one nodal plane (& = 52°) in the inversion
of IDA and GDSN data and found the dip angle of another
plane to be 38° for the source depth at 33 km.

An earthquake source is usually represented by a shear dislo-
cation or a double couple. The seismic moment tensor, which
represents a more general source than a shear dislocation, can
be decomposed into a major double couple and a minor double
couple [Kanamori and Given, 1981] or a best double couple
and a linear vector dipole [Dziewonski and Woodhouse, 1983].
If the minor double couple or linear vector dipole is very small
compared with the major or best double couple, the major dou-
ble couple is essentially the same as the best double couple.
For all the earthquakes studied here, minor double couples are
in general very small. In Figure 9b the major double couple of
the moment tensor determined with (K70, 5.08M) is compared
with the best double couple of the CMT solution for the Santa
Cruz Island earthquake. Our solution is consistent with the
CMT solution. The best double couple of the CMT solution
has a dip angle of 31° for the nodal plane dipping to the east.
Our moment tensor solution determined with the various com-
binations of Q and excitation functions has a centroid depth
ranging from 36 to 41 km and a dip angle of the nodal plane
ranging from 30° to 34°. These results are consistent with the
results of other studies.

We also estimated the depth using a point source model with
88-s duration determined by ZK; we obtained a centroid depth
of 33 km by the moment tensor inversion and by the fault
inversion with (K70, 5.08M).

6.3. 1981 Samoa Earthquake

The September 19, 1981, Samoa Islands earthquake occurred
in the northemmost region of the Tonga Island arc between the
arc and the trench. In this region the trench abruptly bends
westward from N20°E to N70°W, and shallow earthquakes
often cluster. Isacks et al. [1969] found that the shallow earth-
quakes have steeply dipping E-W-striking fault planes and
reflect primarily downward motion of the part of the Pacific
plate subducting under the Tonga Islands with respect to the
Pacific plate to the north of the Tonga trench (Samoa Islands).
The shallow earthquakes are considered to result directly from
the relative motion of the two parts of the Pacific plate.
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The aftershocks of the earthquake reported from PDE listings
of the NEIC are distributed in a zone about 110 km long
extending to SSE. The epicenter of the main shock is close to
the northern end of the aftershock area.

In determining the source process time of the earthquake, the
errors in the inversion at the periods of 256, 275, and 300 s are
larger than those at the periods of 150, 175, 200, and 225 s
(ZK). We assumed that the rupture was in S25°E direction
(L, direction) parallel to the aftershock area to estimate the rup-
ture length of the earthquake. Results indicate that the rupture
is unilateral in this direction. We estimated the rupture length
using the inversion at periods of 150, 175, 200, 225, 256, 275,
and 300 s separately. The minimum errors obtained at the
periods of 256, 275, and 300 s are larger than those obtained at
other periods. This indicates that the source finiteness of the
earthquake cannot be determined well from the data at these
longer periods. We compared the observability of the source
finiteness of the earthquake at all periods.

Figure 10 shows the curves of the average observed ampli-
tude spectrum V(®), the magnitude of the source-finiteness
effect S(®), and the observability of the source finiteness ()
versus period. In the figure the maxima of V(®) and n(w) are
normalized to 1 in the period range. The source-finiteness
effect is calculated using a unilateral rupture 110 km long along
the L, direction with a rupture velocity of 2.5 km/s. The V(w)
at long periods is about the same as, or slightly larger than, that
at short periods. This is different from V(w) for the Akita-Oki,
Colombia-Ecuador, Valparaiso, Michoacan, and Sumbawa
earthquakes, which decreases as the period exceeds 256 s (ZK).
For the Samoa earthquake, the minimum error for the inversion
at short periods is smaller than that at long periods, and the
magnitude of the source-finiteness effects at short periods is
larger than at long periods. The overall observability of the
source finiteness at short periods becomes larger than at long
periods. In Figure 10, n(w) is largest at 175 s. Therefore we
used the data set of the 175-s period to estimate the source
finiteness of the earthquake.

Figures 1la and 11b show the rupture length and rupture
azimuth versus 7y curves for rupture velocities V = 2, 2.5, and 3
km/s. For V = 2.5 km/s and y= 0.1 the estimates of the rup-
ture length and the rupture azimuth are 107 km and 113°,
respectively, which are consistent with the aftershock area.
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Fig. 10. Samoa eénhquake. V(w) (squares), S(w) (triangles), and 1(w)
(circles) at various periods.
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In determining the depth, we used a unilateral rupture 107
km long with a rupture velocity of 2.5 km/s in the azimuth of
113° and y = 0.1. Figure 12a shows the RMS error versus
centroid-depth curve obtained by the moment tensor inversion
(with (K70, 5.08M)), which indicates a 19-km depth of the cen-
troid. The moment tensor solution for the depth of 19 km has
a scalar moment of 3.2x10%dyn c¢m and normal-fault mechan-
ism for the major double couple. The centroid depth estimated
by the fault inversion is 17 km (Figure 12b). Figure 12c shows
the RMS emor versus depth extent curve obtained by the
moment tensor inversion, which indicates that the depth extent
is 30 km.

Figure 12d compares the mechanism of the major double
couple of the moment tensor solution for the centroid depth of
19 km with the P wave first-motion mechanism reported by the
NEIC. If the nodal plane dipping toward the south is the fault
plane, the fault motion reflects the southern part of the Pucific
plate sliding down with respect to the northern part on a plane
steeply dipping to the south. The rupture of the earthquake,
unilateral toward the east, suggests that the Pacific plate to the
south of the epicenter is tearing off from the surficial part of
the Pacific plate to the north, because of the collision of the
Pacific plate and the Australian plate.

We also estimated the depth using a point source model with
45-s duration determined by ZK; we obtained a centroid depth
of 22 km by the moment tensor inversion and of 20 km by the
fault inversion with (K70, 5.08M).

6.4. 1981 Playa Azul, Mexico, Earthquake

This earthquake (M, =7.3) occurred in the center of the
Michoacan gap about 40 km south of the epicenter of the 1985
(M, = 8.1) earthquake [Havskov et al., 1983; UNAM Seismol-
ogy Group, 1986]. The CMT depth of this earthquake is 32
km. Astiz et al. [1987] obtained a depth of 27 km from model-
ing of long-period P waves recorded by the World-Wide Stand-
ardized Seismograph Network (WWSSN).

Aftershocks were recorded by a portable array operated in
the epicentral area for 6 days starting 19 hours after the main
shock. They are clustered in two groups, one on the northeast
and the other on the northwest of the main shock epicenter
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Fig. 11. Samoa earthquake. The rupture parameters as functions of the
ratio v for the rupture velocities of 2 (solid line), 2.5 (dotted line), and 3
(dashed line) km/sec. The inversion is at the period 175 s. (a) The
rupture length. The rupture is assumed to be unilateral toward S25°E.
(b) The rupture azimuth. The rupture is assumed to be unilateral with
a length of 110 km.
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Fig. 12. Samoa earthquake. Residual versus depth curves by the
moment tensor inversion are given for the finite-fault model obtained.
(a) Point source (centroid) by the moment tensor inversion, (b) point
source (centroid) by the fault inversion, (c) distributed source by the
moment tensor inversion, and (d) the source mechanism of the major
double couple listed in Table 5 (solid line) compared with the best dou-
ble couple of the Harvard CMT solution (dashed line).

[Havskov et al.,, 1983]. Some aftershocks are as deep as 26
km. The aftershocks recorded by the array during the 6-day
period with a coda duration more than 30 s are distributed in an
area about 40 km long in the E-W direction parallel to the
trench. Since the main shock location (determined from read-
ings of 13 stations within distances less than 450 km from the
epicenter) is less reliable than that of the aftershocks, the rela-
tionship between the main shock location and the aftershock
area is not clear.

ZK do not examine this event. We used 52 Rayleigh wave
phases R; and R, or R, -and R; recorded at IDA and GDSN
stations ( R; and R, SPA, SUR, GRFO, GUMO, NWAO,
SNZO, TATO, CTAO, KONO, SLR; R, and R3;: CMO, KIP,
BDF, ERM, ESK, GUA, PFO, RAR, SSB, TWO, ANMO,
BOCO, MAIJO, JAS, SCP; R, only: LON; R3 only: NNA). We
computed the spectra of these wave trains and determined the
source process time of the earthquake using the linear inversion
method of ZK. Figure 13a shows the RMS error of the inver-
sion for various source process times in the range 0 to 140 s
for periods from 150 to 300 s. The spectral data used here are
corrected for the propagation phase delay with the model
MB84C. We obtained a source process time of 42 s, which is the
average of the estimates at periods of 256 and 275 s. The
source process time is at least twice as long as the rupture time
inferred from the aftershock area.

We also used a homogeneous model (HOM) of phase veloci-
ties [Gilbert and Dziewonski, 1975] to correct for the phase
delay and obtained the source process time. Figure 13b shows
the source process times obtained for models M84C and HOM
from inversions at periods from 200 to 300 s. The model
HOM gives estimates 10 s or more longer than the model
M84C. Note that for the 1985 Michoacan, Mexico, earthquake
similar results were obtained by ZK (Figure 13c).

We used y=1 and V = 2 km/s to estimate the rupture length
and the rupture azimuth of the earthquake. If we assumed that
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Fig. 13. (a) Playa Azul, Mexico, earthquake. The RMS error plotted versus trial source process time for the inversion at the
periods of (1) 150, (2) 175, (3) 200, (4) 225, (5) 256, (6) 275, and (7) 300 s, respectively. The time corresponding to the
minimum error on each curve is taken as the source process time measured at that period. (b) Comparison of the estimated
source process times of the Playa Azul, Mexico, earthquake measured at periods of 200, 225, 256, 275, and 300 s by the
inversion method for two phase-velocity models; phase velocity is calculated (1) from the average observed nommal mode
periods compiled by Gilbert and Dziewonski [1975] (HOM) (squares), (2) from a laterally heterogeneous earth model obtained
by Woodhouse and Dziewonski [1984] (M84C) (circles). (c) Comparison of the estimated source process times of the
Michoacan, Mexico, earthquake for the two phase-velocity models.

the rupture was bilateral, the inversion gives a total rupture
length of 80 km in the direction N86°E, which is consistent
with the direction of the aftershock area. For a unilateral rup-
ture the inversion gives a rupture length 40 km toward N57°E.
We used the bilateral rupture to approximate the source finite-
ness of the earthquake.

Since this earthquake is relatively small, the choice of this
particular finiteness model is not critical. Any source-finiteness
model with a time constant of 40 s yielded essentially the same
result.

Using a finite-fault model and (K70, 5.08M), we obtained a
centroid depth of 43 km from the moment tensor inversion
(Figure 14a). The major double couple of the moment tensor
solution is compared with the best double couple of the CMT
solution in Figure 14b. The centroid depth and mechanism
obtained from the moment tensor and the fault inversion are
listed in Tables 5 and 6, respectively.

Playa Azul, 1981
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Fig. 14. Playa Azul, Mexico, earthquake. (a) Residual versus depth
curves by the moment tensor inversion are given for the finite-fault
model obtained. (b) The source mechanism of the major double couple
listed in Table 5 (solid line) is compared with the best double couple of
the Harvard CMT solution (dashed line).

6.5. 1982 El Salvador Earthquake

This earthquake occurred at the coast of El Salvador between
the Middle America trench and the line of historically active
volcanoes, where the Cocos plate is moving northerly relative
to the Caribbean plate. The earthquake is relatively small
(M, =7) compared with other earthquakes studied here. The
depth of the earthquake hypocenter determined by the NEIC is
82 km. The CMT depth is 52 km.

Aftershocks reported from PDE listings of the NEIC are very
sparse. A few events located within a distance of about 70 km
to the SSW of the epicenter of the main shock. The inversions
of the Rayleigh wave spectra do not constrain well the rupture
mode of the earthquake; the minimum of the error curve, which
suggests a unilateral rupture, is not well defined. Figures 15a
and 15b show the rupture length and the rupture azimuth
estimated for a unilateral rupture for various y and V, respec-
tively. Fory=0.1 and V = 2 km/s the estimates of the rupture
length and the rupture azimuth are 59 km and §17°W, respec-
tively. These estimates are consistent with the aftershock dis-
tribution.

In determining the depth, we used the source-finiteness
model of a unilateral rupture 59 km long toward the S17°W of
the epicenter with a rupture velocity of 2 km/s and y = 0.1.
The depths of the centroid obtained by the moment tensor
inversion and fault inversion with (K70, 5.08M) are 52 and 51
km, respectively. Figure 16a shows the RMS error versus trial
centroid-depth curve for the moment tensor inversion. The
moment tensor solution for the depth of 52 km, which is almost
a pure double couple, is listed in Table 5. The double couple
solution obtained from the fault inversion is listed in Table 6.
The solution indicates that the garthquake is primarily a normal
fault event with one nodal plane steeply dipping to the NE and
parallel to the trench. Figure 16b shows the comparison of the
major double couple of the moment tensor and the best double
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Fig. 15. El Salvador earthquake. The rupture parameters as functions
of the ratio vy for the rupture velocities of 2 (solid line), 2.5 (dotted
line), and 3 (dashed line) km/sec. The inversion is at the period 256 s.
(a) The rupture length. The rupture is assumed to be unilateral toward
S25°W. (b) The rupture azimuth. The rupture is assumed to be unila-
teral with a length of 70 km.

couple of the CMT solution. Our solution agrees well with the
CMT solution.

Using the model of a point source with 35-s duration deter-
mined by ZK, we obtained a centroid depth of 56 km by the
moment tensor inversion and by the fault inversion with (K70,
5.08M).

6.6. 1982 New Ireland Earthquake

This earthquake occurred at the northwestern portion of the
Solomon arc near the junction of the Solomon and New Britain
trenches. Previous studies indicate that the Solomon Sea plate
subducts toward the northeast under the Solomon trench and
toward the northwest under the New Britain trench [Johnson
and Molnar, 1972; Lay and Kanamori, 1980]. The depth of the
earthquake hypocenter determined by the NEIC is 89 km. The
CMT solution has a depth of 70 km.

Aftershocks of the earthquake from PDE listings of the NEIC
are distributed in an area about 120 km long around the main
shock. The inversions of the Rayleigh wave spectra do not
constrain well the rupture mode of the earthquake. Figures 17a
and 17b show the rupture length (one side from the epicenter)
and the rupture azimuth estimated for a bilateral rupture for
various 7y and V, respectively. For y= 0.1 and V =2 km/s, the
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Fig. 16. El Salvador earthquake. (a) Residual versus depth curves by
the moment tensor inversion are given for the finite-fault model
obtained. (b) The source mechanism of the major double couple listed
in Table 5 (solid line) is compared with the best double couple of the
Harvard CMT solution (dashed line).
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Fig. 17. New Ireland earthquake. The rupture parameters as functions
of the ratio y for the rupture velocities of 2 (solid line), 2.5 (dotted
line), and 3 (dashed line) km/sec. The inversion is at the period 256 s.
(a) The half rupture length, L. The rupture is assumed to be strictly
bilateral (L; =L, =1L) with L; toward the east. (b) The rupture
azimuth. The rupture is assumed to be strictly bilateral with a half
length L of 60 km.

estimate of the total rupture length is about 200 km, which is
about twice as long as the aftershock area. If the aftershock
area represents the extent of the faulting of the earthquake, Fig-
ure 17a indicates that the rupture of the earthquake has a larger
v than usually expected. Assuming a rupture velocity of 2
km/s and y = 1, the estimate of the total rupture length is 120
km in the azimuth of 104°. Both the rupture time and the rise
time for this rupture model are 30 s long. The long rise time
may represent the long duration of hinge faulting.

If we assumed that the rupture was unilateral with a rupture
velocity of 2 km/s and y = 0.1, the estimate of total rupture
length is 100 km in the azimuth of 294°. The rupture direction
obtained here for a unilateral or a bilateral rupture is parallel to
the Solomon trench. The minimum error in inversions using
various combinations of rupture lengths suggests marginally
that the rupture of the earthquake is perhaps bilateral.

We used the finite-fault model of a bilateral rupture with
total rupture length of 120 km and rupture velocity of 2 km/s
toward the azimuth of 104° and y = 1 to estimate the depth of
the earthquake. The centroid depth obtained by the moment
tensor inversion and fault inversion with (K70, 5.08M) are 77
and 78 km, respectively. Figure 18a shows the RMS error
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Fig. 18. New Ireland earthquake. (a) Residual versus depth curves by
the moment tensor inversion are given for the finite-fault model
obtained. (b) The source mechanism of the major double couple listed
in Table 5 (solid line) is compared with the best double couple of the
Harvard CMT solution (dashed line).
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Fig. 19. Chagos Bank earthquake. The rupture parameters as functions
of the ratio y for the rupture velocities of 2 (solid line), 2.5 (dotied
line), and 3 (dashed line) km/sec. The inversion is at the period 256 s.
(a) The rupture length. The rupture is assumed to be unilateral toward
N65°W. (b) The rupture azimuth. The rupture is assumed to be unila-
teral with a length of 110 km.

versus frial centroid-depth curve for the moment tensor inver-
sion. The moment tensor solution for the depth of 77 km is
listed in Table 5, which has a major double couple of reverse
fault type with a small strike-slip component. Figure 18b
shows the comparison of the major double couple and the best
double couple of the CMT solution. The double couple solu-
tion obtained from the fault inversion is listed in Table 6. If
we used the unilateral rupture to represent the source finiteness
of the earthquake, the depths obtained by the moment tensor or
fault inversion are about the same.

Using a point source model with 58-s duration determined by
ZK, we obtained the same centroid depth as that using the
finite-fault model.

6.7. 1983 Chagos Bank Earthquake

This earthquake (M, = 7.7) occurred at the southern end of
the Chagos Bank in a young lithosphere of the Indian plate,
near the Central Indian ridge and gives evidence of massive
internal deformation taking place in the Indian plate [Stein and
Okal, 1978; Weissel et al, 1980]. Near-ridge earthquakes
occur along all major midocean ridge systems, but the Central
Indian Ocean ridge is unusually active; normal fault events
occur primarily in the Indian Ocean [Wiens and Stein, 1984;
Bergman and Solomon, 1984]. The intense seismicity in the
region between the Ninetyeast and Chagos ridges may indicate
an early stage of converging plate boundary, which is in N-S
compression in the Central Indian Ocean and N-S extension
near Chagos [Wiens et al., 1985; Wiens, 1986]. The body
waves of the 1983 earthquake recorded at GDSN stations sug-
gest that the earthquake is a nearly pure normal fault event
along a fault striking roughly east-west [Wiens and Stein,
1984], a typical mechanism for events near the Chagos Bank
[Stein and Okal, 1978; Bergman and Solomon, 1984]. The
hypocenter depth reported by the NEIC is 10 km. The CMT
solution gives depth 10 km. The centroid depth of the U.S.
Geological Survey (USGS) moment tensor solution reported
from PDE listings of the NEIC is 36 km. Wiens and Stein
[1984] obtained a depth of 16 km from body wave data.

The aftershocks within one day after the main shock reported
by the NEIC are distributed in an area about 110 km long
extending N 65°W from the epicenter of the main event.
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The inversions of the spectra for various combinations of
rupture lengths and azimuths yield a minimum for a unilateral
rupture. This minimum is not significantly smaller than other
local minima for different rupture modes. This indicates that
the rupture mode cannot be determined well from the inversion.
Figures 19a and 19b show the rupture length and rupture
azimuth estimated for a unilateral rupture for various y and V,
respectively. For a rupture velocity of 2 km/s and y = 0.1, the
estimates of rupture length and rupture azimuth are 110 km and
2582, respectively.

Using the finite-fault model obtained, we determined the cen-
troid depth. The model is a unilateral rupture of 110 km with a
rupture velocity of 2 km/s in the S 78°W direction and y = 0.1.
The centroid depths obtained by the moment tensor inversion
and fault inversion with (K70, 5.08M) are both 36 km (Figure
20a). This is much larger than the CMT depth and the depth
reported by the NEIC. Our estimate is consistent with the
depth of the USGS moment tensor solution. Later we
estimated the uncertainty of the depth estimate of the earth-
quake and obtained a depth range 16 to 41 km with 90%
confidence. Since the source finiteness of the earthquake is
well constrained by the Rayleigh wave data, and the difference
of the estimates of the depth for various earth models is less
than 10 km, our result from surface wave data indicates a
deeper source than those given by several other investigators.

The moment tensor solution for the centroid depth of 36 km
is listed in Table 5. The scalar moment is 7.7 x 107 dyn cm.
Figure 20b compares the mechanisms of the major double cou-
ple of the moment tensor solution and the best double couple of
the CMT solution. These solutions are in general consistent
and indicate a north-south tension in this region.

Using a point source model with 63-s duration determined by
ZK, we obtained a centroid depth of 34 km by the moment ten-
sor inversion and by the fault inversion.

6.8. 1985 Valparaiso, Chile, Earthquake

This earthquake occurred under the coast of central Chile,
where the subduction of the Nazca plate has a smaller dip angle
(<30°) than at northern and southern Chile [Barazangi and
Isacks, 1976]. The CMT and USGS moment tensor solutions
give 41 and 51 km for the centroid depth, respectively.

In determining the depth of the earthquake, we adapted the
finite-fault model obtained by ZK. In this model, the rupture is
unilateral, 149 km long with a rupture velocity of 2.5 km/s
toward the § 15°W direction and y = 0.1. The centroid depth is
estimated to be 48 km by the moment tensor inversion with
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Fig. 20. Chagos Bank earthquake. (a) Residual versus depth curves
by the moment tensor inversion are given for the finite-fault model
obtained. (b) The source mechanism of the major double couple listed
in Table 5 (solid line) is compared with the best double couple of the
Harvard CMT solution (dashed line).
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(K70, 5.08M) (Figure 2la). The moment tensor solution
obtained for the depth is listed in Table 5. The solution is con-
sistent with the CMT solution. In Figure 21b the two nodal
planes of the major double couple of the moment tensor are
compared with the CMT solution, which has strike 11°, dip
26°, and slip 110°. The depth obtained by the fault inversion
is 44 km. The double couple mechanism obtained by the fault
inversion at this depth is listed in Table 6.

Most of the recent large earthquakes in central Chile have
the typical thrust mechanism of interplate earthquakes with
depths from 20 to 70 km [Malgrange et al,, 1981; Malgrange
and Madariaga, 1983; Korrat and Madariaga, 1986]. The 1985
earthquake may also be one of these earthquakes near or
beneath the interface between the two converging plates
representing the underthrusting of the Nazca plate beneath the
South America plate. Analysis of geodetic data by Barrientos
and Ward [1987] on elevation changes due to deformation asso-
ciated with the earthquake suggests that most of the fault slip
of the earthquake occurred at a depth between 30 and 40 km.
The body wave study of Christensen and Ruff [1986] defines a
depth distribution with a lower bound of about 40 km for the
earthquake.

Dewey et al. [1985] relocated teleseismically well-recorded
earthquakes (magnitude 4.5 or larger) that occurred from 1964
through March 1985, in and near the aftershock zone of the
1985 earthquake. The seismicity near plate-thrust interface in
this region clustered into a pair of deep and shallow thrust
zones, which are separated by a 20-km region of lower seismi-
city centered at a depth of about 35 km in the plane of the
interface. Most of the aftershocks of the earthquake (magni-
tude less than 6.0) were concentrated in the shallow zone; in
the deep zone, some aftershocks of magnitude 6.0 or greater
occurred during the first day after the main shock, but few
shocks of magnitude between 4.5 and 5.9 occurred.

If body waves were radiated mostly from the upper 40-km
portion of the fault plane, the centroid depth at 48 km obtained
from our study suggests that rupture extended considerably
below the shallow thrust zone and was responsible for radiation
of long-period waves. If we assumed that the rupture extended
from depths of 40 to 60 km with a fault width
W = 20/sin 21° km and a fault length L = 149 km, the aver-
age displacement would be about D =2.1m for a rigidity
u = 7x10" dyn/cm? The stress drop was A ~ 9 bars. The
seismic slip of the earthquake is much smaller than the cumula-
tive displacement (7.2 m) since the 1906 earthquake calculated
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Fig. 21. Valparaiso, Chile, earthquake. (a) Residual versus depth
curves by the moment tensor inversion are given for the finite-fault
model obtained by Zhang and Kanamori [1988]. (b) The source
mechanism of the major double couple listed in Table 5 (solid line) is
compared with the best double couple of the Harvard CMT solution
(dashed line).
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Fig. 22. Michoacan, Mexico, earthquake. (a) Residual versus depth
curves by the moment tensor inversion are given for the finite-fault
model obtained by Zhang and Kanamori [1988]. (b) The source
mechanism of the major double couple listed in Table 5 (solid line) is
compared with the best double couple of the Harvard CMT solution
(dashed line).

from the Nazca-South America convergence rate of 9 cm/yr
[Stein et al., 1986].

Using a point source model with 69-s duration determined by
ZK, we obtained a centroid depth of 47 km by the moment ten-
sor inversion and of 44 km by the fault inversion with (K70,
5.08M).

6.9. 1985 Michoacan, Mexico, Earthquake

This earthquake occurred at the northwest portion of the
Middle America trench, where the Cocos plate subducts to the
northeast under the North America plate. The depth of the
earthquake hypocenter reported by the NEIC is 28 km. The
CMT depth is 21.3 km.

In determining the depth from Rayleigh wave data, we used
the source-finiteness model obtained by ZK, which has rupture
length 165 km, rupture velocity 2.5 km/s in the azimuth of
123°, and y = 0.1. Figure 22a shows the residual versus
centroid-depth curve for the moment tensor inversion with
(K70, 5.08M). The estimate of centroid depth is 30 km. The
moment tensor solution for the centroid depth at 30 km is listed
in Table 5, which has a dip angle of 30.8° for the major double
couple of the moment tensor. The results obtained by the fault
inversion are similar to those obtained by the moment tenscr
inversion. The centroid depth and fault mechanism obtained by
the fault inversion are listed in Table 6.

The tsunami generated by the earthquake has 1.4-m peak-to-
trough high at Acapulco, Mexico, about 400 km southeast of
the epicenter, which may suggest that the fault broke the sur-
face. We used the moment tensor inversion with excitation
functions for the extended source and found a depth extent of
54 km. '

In Figure 22b, the two nodal planes of the major double cou-
ple of the moment tensor are compared with the CMT solution.
We also determined the depth of the earthquake using other
source-finiteness models, which include the models of the
source process time and the source directivity with various rup-
ture lengths and rupture velocities. The results remain about
the same.

The result obtained for (D-S, R-A) is listed in Table 2. The
centroid depth obtained with (D-S, R-A) is approximately the
same as that of the CMT solution.

The dip angle obtained from our method is greater than in
the P wave first-motion solution reported by the NEIC and the
CMT solution. The discrepancy reflects the difficulty and
uncertainty in determining dip angle for shallow earthquakes.



ZHANG AND KANAMORE DEPTHS OF LARGE EARTHQUAKES

Using a point source model with 77-s duration determined by
ZK and (K70, 5.08M), we obtained the same centroid depth as
that using the finite-fault model.

7. RESOLUTION OF DEPTH

Since the wavelength of Rayleigh waves with a period of
150-300 s is about 1000 km, there is in general a large uncer-
tainty in the estimate of the depth at which the preferred
minimum occurs. A t test can be applied to estimate the uncer-
tainty of the depth estimated from long-period surface waves.
A similar use of the t test is given by Huang et al. [1986] to
assess the precision of the body wave depths.

The moment tensor or the double couple solution of the best
fitting source minimizes the sum of the squared residual,

SK

2 2
p=2pi
=1
where

i = A — A (=1, ..5K)

Here A; and A; are the observed and predicted components of
vector A in (5). ,

The differences of the squared residuals P; at two depths A
and B

2 2 .
8 =pu — P =1 ..

can be considered samples of a random variable following a
normal distribution with mean p and standard deviation 6. In
order to assess the statistical significance of the differences, we
test the null hypothesis i = 0. We define the statistic

t = )
s / sk
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where 3§ and § are the mean and the square root of the variance
of §; (i =1, ..,5K). If
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and ¢ exceeds a threshold value #, determined by the Student’s
¢ distribution for a given significance level ¢, then the alternate
hypothesis p > 0 is accepted, which indicates that the solution
at depth B is better than at depth A at the given significance
level.

For each earthquake, we computed the 7 statistic for the best
fitting depth and nearby depths. We determine the depths at
which ¢ exceeds the threshold value ¢, for a 90% confidence
using a one-sided Student’s ¢ test with 5K-1 degree of free-
dom. In the inversion, we used the group velocities and Q of
D-S and the excitation function of R-A. Table 3 lists the 90%
confidence interval for the depth of each earthquake.

For the New Ireland earthquake, the CMT depth is slightly
shallower than the depth range given in Table 3: 72 to 79 km.
For the Chagos Bank earthquake, the CMT depth is fixed at 10
km, which is shallower than the depth range obtained here: 16
to 41 km. For other earthquakes, the CMT depths are within
the depth range given in Table 3.

8. Discussion
The accuracy of the depth determination depends critically
on how accurately we can correct the observed spectra for the
source-finiteness effect and propagation effects on both phase
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and amplitude. Also the choice of excitation functions is
required.

For the correction of “source-finiteness effect, the method
developed by Zhang and Kanamori [1988] is effectively used
for very large earthquakes. For the smaller events, the details
of the source-finiteness effect cannot be determined. However,
since its effect on the depth determination is small, the uncer-
tainty in the source-finiteness model is not a serious problem
for these smaller events. We feel that we can correct for the
source-finiteness effect with sufficient accuracy for reliable
depth determination.

The propagation effects on the phase can be estimated with
good accuracy using recently developed laterally heterogeneous
earth models such as the model M84C at periods longer than
150 s. At periods shorter than 150 s, presently available
models are not adequate.

The propagation effects on the amplitude can be estimated
using global average Q models. As Figure 6 shows, the
difference in the depth estimates determined for different Q
models is small. However, the difference is systematic for
different models and is significant for shallow events. Since
the model presented by Dziewonski and Steim [1982] is con-
sidered a good global average, we prefer the results obtained
using this model.

The effect of different earth models used for the computation
of excitation functions on the depth determination is less criti-
cal compared with the effect of source-finiteness models. How-
ever, since most earthquakes studied in this paper occurred in
subduction zones, the average ocean model of Regan and
Anderson [1984] may be a reasonable choice for the purpose of
depth determination. We summarize the results obtained with
the combination of the D-S Q model and R-A earth model in
Tables 2 and 3 as our preferred solutions.

The depth range listed in Table 3 for each event represents
the precision of the depth determination when the earth model
is fixed. Figure 6 shows that for a change in Q of 3%, which
is about half of the difference between PREM and D-S, the
variation of depth is about 5 km for an earthquake of depth 30
km and becomes smaller for deeper earthquakes. The sys-
tematic error in the depth determination for each earthquake
resulting from uncertainties in the earth models is within the
range listed in Table 3.

9. CONCLUSIONS

We determined the depths and source mechanisms of nine
large earthquakes from long-period (150 to 300 s) Rayleigh
waves recorded at IDA and GDSN stations. We inverted the
data set of complex source spectra for a moment tensor (linear)
or a double couple (nonlinear). By solving a least squares
problem, we obtained the centroid depth or the extent of the
distributed source of each earthquake. ‘

The depths and source mechanisms of large shallow earth-
quakes determined from long-period Rayleigh waves depend on
the models of source finiteness, wave propagation, and excita-
tion. We tested various models of source finiteness, Q, group
velocity, and excitation. We conclude that the depth estimates
obtained using the Q model of Dziewonski and Steim [1982]
and the excitation functions computed for the average ocean
model of Regan and Anderson [1984] are most reasonable.
Dziewonski and Steim’s [1982] Q model represents a good glo-
bal average of Q determined over a period range of the Ray-
leigh waves used in this study. Since most of the earthquakes
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studied here occurred in subduction zones, Regan and
Anderson’s [1984] average ocean model is considered most
appropriate.

Our depth estimates are in general consistent with Harvard
centroid-moment tensor (CMT) solutions. The centroid depths
and their 90% confidence intervals (numbers in parentheses)
determined by the Student’s t test are Colombia-Ecuador earth-
quake (December 12, 1979), d = 11 km (9, 24 km); Santa Cruz
Island earthquake (July 17, 1980), d = 36 km (18, 46 km);
Samoa earthquake (September 1, 1981), d = 15 km (9, 26 km);
Playa Azul, Mexico, earthquake (October 25, 1981), d = 41 km
(28, 49 km); El Salvador earthquake (June 19, 1982), d = 49
km (41, 55 km); New Ireland earthquake (March 18, 1983), d =
75 km (72, 79 km); Chagos Bank earthquake (November 30,
1983), d = 31 km (16, 41 km); Valparaiso, Chile, earthquake
(March 3, 1985), d = 44 km (15, 54 km); Michoacan, Mexico,
earthquake (September 19, 1985), d = 24 km (12, 34 km).

APPENDIX

For Love waves, equations of the inversion for the moment
tensor and double couple are described as follows, which are
similar to those for Rayleigh waves.

Moment Tensor Inversion From Love Waves

For the moment tensor inversion, the first step solves the fol-
lowing system:

BD=V (A1)
where
—%sin2¢1 —cos20, 0 0
0 0 —sind; cosQ;
—-—;-sin2¢2 —c0s20, O 0
0 0 —sin®, cosd,
B =
—%sin2¢,v —cos20y 0 0
0 0 —sindy cosd)N_
and

D = [p@, W, ~ M), PO, M,
T
0@, WM., 00, WM |

and

V= [a(co,h,q»o, B, k0, <

T
oo, k. ox), B@, &, 6]

where N is the number of records obtained from stations with D = [

azimuths ¢, --- ,0y from the source, and o and B are
defined in (3). B is a 2N X 4 real matrix, and V is a real vec-
tor with dimension 2N. The system (Al) is solved for D (®)
using the data vector V() at several frequencies:
®1, O, ..., W

The second step solves the following system:
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TM=A (A2)

for the moment tensor from the vectors D (;), (i = 1, ...,x) for
given excitation functions, where
T
» Ik ]

F: [r‘l,rz’ P
T, = diag [P,fl)(co;, R, PO, b,

0@, b), 0o, 1) G=1, .00

T
M = [(Myy _Mxx)a Mxy: szs Myz]

and

A= D@, D7, ... D(00) ||

Double Couple Inversion From Love Waves

For the fault inversion, the system (Al) is solved in the first
step for D(w) at various frequencies. Here the matrix B
remains unchanged, while the vector D (®) is replaced by

D= [PL(”(O), hyma, P, hyms,

0@, yms, O, Wmy ||

where m; (i=1,...,5) are defined in the text.

In the second step, a system in the form of (A2) is solved for
M,, 8, A, and ¢, using the vector I. Here T; (i=1, .., K)
remain the same as in (A2); while the vector M in the system
is replaced by M = (m,, m;, ms, my), where m; (i=1,...,5)
are nonlinear functions of §, A, and ¢;.

Moment Tensor and Double Couple Inversion
From both Rayleigh and Love Waves

If both Rayleigh waves and Love waves are used, equations
for the first step and the second step are similar to (4), (Al),
and (5), (A2), respectively. For the moment tensor inversion,
the first step solves the following system:

BD=V (A3)
where
T
5= [s7.57, .. 57]
T
Bl = [Blg 1 Bl{] (l = 1; 'yN)
[ 1 1 ]
—sin20; Ecos2¢,~ 3 0 0 0000
Bz = o 0 0 sing; cosd; 00 00
00000 —%sin2<l),- —cos20; 0 0
Be=looooo o 0 -sint cost;]
and

PR @, h)Myy, PE (@, h)(Myy = M),
SE(@, h )My, + M), Qfw, h)My,,
@, M, P, h)(Myy — M),

T
P, WMy, QL@ M, OO0, MM |
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and
V= [U.R(O), ha ¢l)a BR(O)! hv ¢1),

GL(mv hr ¢1)a BL((O’ h’ q)l);

aR(mv h9 ¢N)7 BR((D’ hv q)N),

@@, b, 00, Beo, b o) ||

If only Rayleigh waves (or Love waves) are used at a station
with the azimuth ¢;, then only ok (®, £z, 0;) and Bg(®, &, 0;)
(or oz(®, A, ¢;) and Br(w, h, ¢;)) are included in the data
vector V, and By (or By ) is used for B;. The system (A3) is
solved for D (®) at several frequencies: ®;, ®, ..., Og.

The second step solves the following system:

TM=A (A4)

where

T
M= [M,,, M,y — M), (M, + M), M,,,Mn]

A= [DT«oo, D™ (@), .. DT(m,n]T
and

T
I'= [rm S ST YIS YLEIEERIN o' erLT]

T = diag [PiCi, 1), PRy, ), S0, b,

08, b, O, h)] (=1 ..5)

Ty = @) =1 ..k3j=1.4;1=1,..5

Here the only nonzero components of Ty
T2 =Ty = PP(w;, h) and Ty » =Ty * = 0 («;, h).

For the fault inversion, the first step inversion solves the
same system as (A3). In the second step, the equation (A4) is
solved for the scalar moment and fault parameters, with the
moment tensor components replaced by the nonlinear functions
m; (i=1, ...5) defined in the text.
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