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Depths of Large Earthquakes Determined From Long-Period Rayleigh Waves 

JIAJUN ZHANG AND Hmoo 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 ("12, 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. lNrRODUCTION 

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. 

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 
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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. MErnoo 

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"" , Myy , M,, , Mxy , M,, , Mx:z ) We 
write the source spectrum as 

V(ro, h, <I>)= a.(ro, h, <!>) + i ~(ro, h, <I>) (1) 

For a deviatoric moment tensor, the real ( a. ) and imaginary 
( ~ ) parts of the spectrum are 

a.= - PJ1>(ro, h)Mxysin2<1> + f PJ1>(ro, h)(Myy - Mxx)cos2<1> 

- fsJ1>(ro, h)(Myy + Mxx) (2a) 

~ = Qjl>(ro, h)M1,sin<I> + Qjl>(ro, h)Mxzcos<I> 

for the vertical component of Rayleigh waves, and 

a.= - f P11>(ro, h)(Myy - Mxx)sin2<1> 

- pf.1>(ro, h)Mxycos2<1> 

~ = - Qf.1l(ro, h)M,,sin<I> + Qf.1l(ro, h)M.,cos<I> 

(2b) 

(3a) 

(3b) 

for the transverse component of Love waves. Here ro is the 
angular frequency, and PJ1l ' sjl> ' QJ1l, pp> ' and Qf.1l 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 ( ro,h ,<!>) can be calculated from the spectrum 
of the surface wave seismogram U,(r,ro) 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: 

B D =V (4) 

where 

and 

D= 

B= 
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rJll(ro, h)Mxy. pjll(ro, h)(Myy - Mxx), 

sjl>(ro, h)(Myy + Mxx), QJ1>(ro, h)M1,, QJ1>(ro, h)M .. r 
and 

V = [a.(ro, h, <1>1), ~(ro, h, <!>1). 

a.(ro, h, <l>N ), ~(Ol, h, <i>N) r 
where N is the number of records obtained from stations with 
azimuths <l>i. · · · .<l>N 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(ro) using the data vector V(ro) at several 
frequencies: roi. ffii, · · · , rox. 

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

I'M=A 

where 

r = [r1 'r2 •...• rx r 
I'; = diag rJ1>(ro;, h), pjl>(ro;, h), sjll(ro;, h), 

(5) 

QJ1>(ro;, h), Qj1>(ro;, h) J (i = 1, ... ,K) 

M = [ Mxy. (Myy -Mxx), (Myy + Mxx), M,,, M"' r 
and 

A= [vr<ro1). vr<roi) • ... , vr<rox)Y 

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

pls = ~<I - r <rr n-1rT)A 12 

For each trial source depth, we calculate the error, p u /{5[[, 
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 trial depth, since r becomes diagonal and (5) is solved 
exactly. 

2.2. Fault lnversiOn 

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 

a= PJ1>(ro, h) M 0 PR + SJ'>(ro, h) M 0 SR (6a) 

~ = QJ1>(co, h) M0 qR (6b) 

and 

a = pp>(ro, h) Mo PL 

~ = QP>(co, h) Mo qL 

(7a) 

(7b) 

respectively, where M0 is the scalar seismic moment, SR , PR , 

qR , PL , and qL are determined from the fault parameters, dip 
angle o, slip angle A, and strike <l>t 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 (ro) at various frequencies. Here the matrix B remains 
the same as in (4), while the vector D (co) is replaced by 

D = [PJ1>(co, h )mi. PJ1>(co, h )m2' Sj1>(ro, h )m 3, 

QJ1>(co, h)m4, QJl)(ro, h)ms r 
where 

m1 =Mo (-cos/.. sino cos2<!>1 - sin/.. sino coso sin2<!>1 ) ; 

m2 = M0 (2 cos/.. sino sin2<!>1 - 2 sin/.. sino coso cos2<!>1 ) ; 

m3 = M0 (-2 sin/.. sino coso) ; 

m4 = M0 (-cos/.. coso sin<l>t +sin/.. cos20 cos<1>1); 

ms= M0 (sin/.. cos2o sin<l>t +cos/.. coso cos<1>1 ). 

Note mi (i = 1, ... ,5) can be written as m1 = M,., , 
m2 = Myy - M:u: , m3 = Myy + Mxx , m4 = M1, , and 
ms = Mxz , where M"" , Myy , M,., , Mxz , and M1, 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 
M0 , o, A, and <i>t using the vector r. Here ri (i = 1, ... ,K) 
remain the same as in (5), while the vector M is replaced by 
M = (m1 , m 2 , m 3 , m 4 , ms). where the mi are the nonlinear 
functions of o, /.., and <l>t , defined above. 

For a given depth, we solve the nonlinear system for M0 , 0, 
A, and <l>t and calculate the error, Pulfil. 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. EARTII MODEL 

The determination of the depth extent of earthquakes from 
surface waves requires an accurate description of excitation 
characteristics and propagation effects. 

Q of Rayleigh Waves 

200 

0 
150 

150 200 250 300 
Period (sec) 

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; Kanarnori, 1970], PREM 
[Dziewonski and Anderson, 1981], the average ocean (R-A), and 20 -
50 Ma ocean (R-A Y) 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 (L VZ), 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-A Y). 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 mo,dels, at a 

reference period of 200 s, the velocity above the L VZ in each 
model remains about the same as that at 1 s, while in the L VZ 
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. SmJRCE 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 Tj(CO) = V(co) S(co)/E(co) , where V(co) is the 
amplitude spectrum averaged over all stations, S(co) is the mag
nitude of the spectral variation due to the source finiteness, and 
E(CO) is a measure of the noise given by the error in the inver
sion. For the 1979 Colombia-Ecuador earthquake, Sis 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 't, the overall source duration is given as 

L 
t.=v+'t 

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(co t112) sin( co 't/2) exp(-i co t.12) 
(co t1!2) (co 't/2) 

where t1 =LIV is the rupture duration or the rupture time. 
For a point source with a delay time 'td, the source-finiteness 

effect is given by 

exp(-i co 'td) 

The source finiteness causes phase delay. Ben-Menahem 
[1961] introduced the directivity function and showed that radi
ation of waves is strongly dimihished 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 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Colombia-Ecuador 
Santa Cruz Island 
Samoa 

Dec. 12, 1979 0759:03.3 1.598"N 79.358"W 
165.916°E 
173.085"W 
102.084"W 

7.7 
7.9 
7.7 
7.3 
7.0 
7.6 
7.7 
7.8 
8.1 

July 17, 1980 1942:23.2 12.525°S 
Sept. 1, 1981 0929:31.5 14.960°S 

Playa Azul, Mexico 
El Salvador 

Oct. 25, 1981 0322:15.5 18.048"N 
June 19, 1982 0621:58.0 13.313"N 89.339"W 

153.581°E 
72.110°E 
71.87l"W 

102.533"W 

New Ireland 
Chagos Bank 
Valparaiso, Chile 
Michoacan, Mexico 

March 18, 1983 0905:50.0 4.884°S 
Nov. 30, 1983 1746:00.6 6.852°S 
March 3, 1985 2247:07.3 33.135°S 
Sept. 19, 1985 1317:47.3 18.190"N 

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 
TJ(CO) 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 T)(CO) 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 Plan 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 2 and R3 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-Ecua(ior Earthquake 

The December 12, 1979, earthquake occurred near the coast 
of Ecuador and caused extensive 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) 

Depth, 
Major Double Couple 

mJM0 , Event Location Mxy ~-Mxx ~+M,.,. ~z Mxz 
km M 81 A-1 <!>1 82 A-2 <!>2 % 

Colombia-Ecuador 11 21.4 15.0 60.0 358.0 77.5 97.6 208.8 

2 Santa Cruz Island 36 1.5 -5.8 -5.5 3.3 0.2 
6.8 31.6 73.1 336.0 0 59.9 100.1 175.6 6 

±0.2 ±0.3 ±0.2 ±0.3 ±0.3 

3 Samoa 15 
-0.78 -2.26 1.61 -0.01 4.9 

5.4 80.0 261.9 90.8 12.8 308.7 310.2 6 
±0.l ±0.2 ±0.l ±1.3 ±1.3 

4 Playa Azul, Mexico 41 0.18 0.52 -0.71 0.28 -0.44 
0.89 27.4 75.7 280.0 63.5 97.3 116.0 5 

±0.01 ±0.02 ±0.02 ±0.02 ±0.02 

5 El Salvador 49 
-0.41 -1.17 1.04 0.48 -0.47 1.4 60.7 286.9 302.6 33.4 242.6 90.8 7 
±0.03 ±0.05 ±0.03 ±0.03 ±0.03 

6 New Ireland 75 
3.5 -4.0 -6.0 -0.6 1.7 

7.2 40.4 109.2 162.4 52.3 74.3 317.8 11 
±0.2 ±0.5 ±0.4 ±0.1 ±0.l 

7 Chagos Bank 31 
-1.0 -6.0 5.3 -1.6 5.5 

8.3 68.1 274.6 104.4 22.4 258.7 272.3 5 
±0;1 ±0.2 ±0.1 ±0.3 ±0.3 

8 Valparaiso, Chile 44 
-0.14 -7.5 -8.6 9.3 -0.5 

12.8 21.0 95.2 3.6 69.1 88.0 178.1 5 
±0.3 ±0.6 ±0.4 ±0.5 ±0.5 

9 Michoacan, Mexico 24 
2.2 4.5 -6.3 -1.8 -7.5 

10.5 24.4 128.9 308.4 71.2 74.0 86.8 12 
±0.1 ±0.3 ±0.2 ±0.4 ±0.4 

Moment tensor is in units of 1027 dyn cm; M0 and m0 are the scalar moments of the major double couple and minor double couple, respectively; 
depth is for the centroid; 8; 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 N 31° 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 (co) 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 sfudied 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 poj.nt source 
model of finite duration. For other earthquakes, no systematic 

TABLE 3. Centroid Depths Determined in This Study 
ComEared With CMT DeEths 

Event Location 
Depth, 

Depth Range * CMT 
km 

l 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, 'td = 
58 s; point source with finite duration, t,. = 118 s, 't = lf I 10; and 
finite-fault model, L = 256 km, v = 2.5 km/sec, ~f = 31°, 't = 0.1 x Uv. 
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 0 = 14.lx1027 dyn cm. The fault plane extend from 
the surface to about 33 km deep with the centroid at a depth of 
19km. 

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 th~ last model is 11 km. 

TABLE 4. Centroid Depths (in Kilometers) Deterinined Using Various 
Source-Finiteness Models bx Moment Tensor Inversion With Q2-S, R-A2 

Event Location 
Point Time Duration Fault 

Source Delax 
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 ear1hquake. 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 x104 km 2. Using the rigidity 
µ = 5xl011 dynlcm 2, we have the average dislocation 
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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 
ear1hquakes 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 (triangles), and Harvard CMT 
solutions (crosses) are plotted versus the depth for K70. 

D = M 0 /µA - 1.4 m, and the stress drop /la= 8µD/3n:W - 8 
bars for a scaliu- moment M 0 = 14x 1027 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 northern 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 
west of the Santa Cruz volcanic chain, the northern New 

TABLE 5. Results by Moment Tensor Inversion With (K70, 5.0SM) 

Depth, 
Major Double Couple 

mJM0 , Event Location Mxy Myy-Mxx My/Mxx Myz Mxz 
km M S1 A-1 $i S2 A-2 <h % 

Colombia-Ecuador 19 
-2.5 -9.6 -10.3 10.4 -2.1 

15.2 25.l 119.5 28.6 68.3 77.0 176.6 5 
±0.2 ±0.4 ±0.2 ±2.7 :±2.7 

2 Santa Cruz Island 41 1.6 -5.7 -6.1 2.8 0.3 
6.9 34.0 76.6 337.8 57.0 98.9 173.8 

±0.2 ±0.3 ±0.2 ±0.3 ±0.3 

3 Samoa 19 
-0.76 -2.18 1.74 -0.02 2.33 

3.2 70.5 258.2 93.5 22.7 300.l 205.7 10 
±0.l ±0.2 ±0.1 ±0.6 ±0.6 

4 Playa Azul, Mexico 43 
0.18 0.50 --0.76 0.27 --0.42 

0.92 28.4 78.0 282.0 62.2 96.4 115.5 9 
±0.01 ±0.02 ±0.02 ±0.02 ±0.02 

5 El Salvador 52 
-0.40 -1.15 1.14 0.46 --0.45 

1.4 59.l 285.l 300.9 34.0 246.4 93.2 5 
±0.03 ±0.05 ±0.03 ±0.03 ±0.03 

6 New Ireland 77 
3.6 -3.9 -5.9 --0.6 1.8 

7.2 40.3 110.1 162.2 52.6 73.7 316.6 12 
±0.2 ±0.5 ±0.4 ±0.l ±0.l 

7 Chagos .Uank 36 
-0.9 -6.0 6.0 -1.3 4.5 

7.7 63.9 274.l 103.3 26.4 261.7 270.0 2 
±0.l ±0.2 ±0.l ±0.2 ±0.2 

8 Valparaiso, Chile 48 
-0.21 -7.3 -9.4 8.2 --0.5 

12.6 23.7 95.4 4.2 66.4 87.6 178.3 8 
±0.3 ±0.6 ±0.4 ±0.5 ±0.5 

9 Michoacan, Mexico 30 2.2 4.5 -7.1 -1.2 -5.l 
9.2 30.8 119. l 306.2 63.4 73.9 93.2 13 

+O.l ±0.3 +0.2 +0.4 ±0.4 
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TABLE 6. Results bl'. Fault Inversion With (K70, 5.08M) 
Event Location DeEth,km M11 8 A, cl> 

1 Colombia-Ecuador 19 14.1 ± 1.6 25.4 ± 3.9 107.7 ± 6.3 23.3 ± 3.7 
2 Santa Cruz Island 41 6.8 ± 0.2 34.1 ± 1.4 76.2 ± 4.2 337.5 ± 3.2 
3 Samoa 17 3.4± 0.7 74.2 ± 3.8 252.8 ± 4.3 83.3 ± 3.0 
4 Playa Azul, Mexico 42 0.87 ± 0.02 27.6 ± 0.9 79.6 ± 3.7 282.8 ± 2.8 
5 El Salvador 51 1.4 ± 0.03 59.7 ± 0.8 285.9 ± 1.6 301.8 ± 1.5 
6 New Ireland 78 7.1±0.3 40.1±0.7 106.1 ± 2.1 159.6 ± 2.9 
7 Chagos Bank 36 7.6 ± 0.2 63.9 ± 0.8 274.5 ± 3.3 103.7 ± 2.3 
8 Valparaiso, Chile 44 12.l ± 0.5 21.1 ± 1.1 95.2 ± 5.9 3.9 ± 4.8 
9 Michoacan, Mexico 30 8.3 ± 0.4 29.3 ± 2.0 107.6 ± 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 N15° E with respect to the Pacific plate 
[Le Pichon, 196S; 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, 19SO (M, = 7.9), earthquake occurred about 50 
km away to the west of the epicenter of the July S, 19SO 
(M, = 7.5), 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 S and July 17 are distributed to the 
south of the epicenter of the July S 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 S 
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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 5.0SM (solid line), PREM (trian
gles), R-A (circles), and R-A Y (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, 19SS). 

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 Sa and Sb show the rupture length and the ·rupture 
azimuth estimated for various ratios of the rise time, 't, to rup
ture time, tr ( "( = 't I tr ), and several rupture velocities V, 
respectively. Using V = 2 km/s and y = 0.5, the estimates of 
the rupture length and the rupture azimuth are 114 km and 
N22°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 y, we found that using 
other estimates obtained for different V and y 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, 5.0SM). 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 [19S2] used IDA data and found the 
dip angle of the earthquake to be about 33° for the source 
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Fig. 8. Santa Cruz Island earthquake. The rupture parameters as func
tions of the ratio"{ 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 300 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 northernmost region of the Tonga Island arc between the 
arc and the trench. In this region the trench abruptly bends 
westward from N20° E to N1D°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. 

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 S 25° E dire<;i:ion 
(L 1 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(co), the magnitude of the source-finiteness 
effect S(co), and the observability of the source finiteness T)(CO) 
versus period. In the figure the maxima of V(co) and T)(CO) are 
normalized to 1 in the period range. The source-finiteness 
effect is calculated using a unilateral rupture 110 km long along 
the L 1 direction with a rupture velocity of 2.5 km/s. The V(co) 
at long periods is about the same as, or slightly larger than, that 
at short periods. This is different from V(co) 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, T)(CO) 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 lla and llb show the rupture length and rupture 
azimuth versus "( curves for rupture velocities V = 2, 2.5, and 3 
km/s. For V = 2.5 km/s and "( = 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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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 "( = 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 3.2x1021dyn cm 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 error 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 Pacific 
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. 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 1 and R 2 or R 2 and R 3 recorded at IDA and GDSN 
stations ( R1 and R 2: SPA, SUR, GRFO, GUMO, NWAO, 
SNZO, TATO, CTAO, KONO, SLR; R 2 and R3: CMO, KIP, 
BDF, ERM, ESK, GUA, PFO, RAR, SSB, TWO, ANMO, 
BOCO, MAJO, JAS, SCP; R 2 only: LON; R 3 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 
M84C. 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 Be). 

We used"(= 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 normal 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 N 86° 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 N 57° 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. 
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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). 

65. 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 "( and V, respec
tively. For"(= 0.1 and V = 2 km/s the estimates of the rupture 
length and the rupture azimuth are 59 km and S 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 S 17° W of 
the epicenter with a rupture velocity of 2 km/s and "( = 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 earthquake 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 



4862 ZHANG AND KANAMORI: DEPrHS OF LAE.GE EAE-mQUAKES 

100 

E' ' 6 
..c: -°' c: 
Q) 
_J 50 

0 

\ 
\ 

' ' ' ' 

.5 
'Y 

El Salvador, 1982 

Cl 
Q) 

::2. 
..c: 
:5 195 
E .N 
<( 

3/ 

(b) 

1.0 1900 .5 1.0 
'Y 

Fig. 15. El Salvador earthquake. The rupture parameters as functions 
of the ratio "( 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 'Y 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 "( 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 (L1 = Lz = L) with L 1 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 
'Y than usually expected. Assuming a rupture velocity of 2 
km/s and "( = 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 "( = 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 

u 
(J) 
en 
E: 

,.._u 
C\I 

0 
;s..45 
Cf) 

~ 
a: 

70 

New Ireland, 1983 

75 80 

Depth (km) 
85 

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 "( for the rupture velocities of 2 (solid line), 2.5 (dotted 
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(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 trial 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; Weisse! 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 ],on long 
extending N 65° W from the epicenter of the main event. 

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 
258°, 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 S78°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 10Z7 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 
!sacks, 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 S 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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(K70, 5.08M) (Figure 21a). The moment tensor solution 
obtained for the depth is listed hi Table 5. The solution is con
sistent with the CMT solution. In Figure 2lb 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 l5 = 2.1 m for a rigidity 
µ = 7x1011 dynlcm 2• The stress drop was Ila - 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 ?btained by ~ang and Kanamori {1988]. (b) The source 
mechanism ~f the maJOr double couple listed in Table 5 (solid line) is 
compared with the best double couple of the Harvard CMT solution 
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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 "( = 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 tensor 
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 
54km. . 

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 KANAMORI: DEPTIIS OF LARGE EARTIIQUAKES 4865 

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. At 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, 

2 SK 2 
P = 1: p; 

i=l 

where 

p; =A; -A; (i = 1, ... ,5K) 

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

The differences of the squared residuals p;2 at two depths A 
andB 

2 2 o; = PiA - PiB (i = 1, ... ,5K) 

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

0 t=---
s I VsK 

where o and s are the mean and the square root of the variance 
of o; (i = 1, ... ,5K). If 

SK 2 SK 2 

1: PiA > 1: PiB 
i=l i=l 

and t exceeds a threshold value ta. determined by the Student's 
t distribution for a given significance level a, then the alternate 
hypothesis µ > 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 t statistic for the best 
fitting depth and nearby depths. We determine the depths at 
which t exceeds the threshold value ta. for a 90% confidence 
using a one-sided Student's t 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 

I 

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 zories, Regan and 
Anderson's [1984) average ocean model is considered most 
appropriate. 

Our depth estimates are in general consistent with Harvard 
centroid-moment tensor (CMD 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: 

where 

B= 

and 

BD=V 

-..!.sin2<1>1 
2 

-cos2<1>1 

0 0 

-..!.sin2<!>2 
2 

-cos2<!>2 

0 0 

_..!.sin2<!>N -cos2<!>N 
2 
0 0 

0 0 

-sin<!>1 cos<\l1 

0 0 

-sin<!>2 cos<!>2 

0 0 

D = (i>p>(ro,h)(M,, -M:a),Pf1l(ro,h)M,,,, 

(Al) 

Qf1l(ro, h)M.,, Qf1>(ro, h)M,, r 
and 

V = [a(ro, h, <!>1), ~(ro, h, <!>1). 

U(Ol, h, <!>N), ~(Ol, h, <!>N) r 
where N is the number of records obtained from stations with 
azimuths <l>i. · · · .<!>N from the source, and a and ~ 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 (ro) 
using the data vector V(ro) at several frequencies: 
Oli. Olz, ... , OlK. 

The second step solves the following system: 

rM=A (A2) 

for the moment tensor from the vectors D (roi ), (i = 1, .. .,K) for 
given excitation functions, where 

r = [r1 , r2, · · · , rK r 
r; = diag (i>p>(ro;, h), pp>(ro;, h), 

QP>(roi, h), Qf1l(roi, h)] (i = 1, .. .,K) 

M = [ (M,, -Mxx). M,,,, Mxz, M,, r 
and 

Double Couple Inversion From Love Waves 

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

D = [ pp>(ro, h)m 2, P11>(ro, h)mi. 

QP><ro. h )ms. QP>(ro, h )m4Y 

where mi (i=l, ... ,5) are defined in the text. 
In the second step, a system in the form of (A2) is solved for 

M0 , o, A., and <l>i using the vector r. Here ri (i=l, .. ., K) 

remain the same as in (A2); while the vector M in the system 
is replaced by M = (m2 , m1 , ms , m4), where mi (i=l, ... ,5) 
are nonlinear functions of o, A., and <l>i. 

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: 

B D =V (A3) 

where 

B = [Bf. BL .. ., BZJ 

Bi = [B;k , B'f r (i = 1, .. .,N) 

BiR = 
[
-s:"""' · ..!.cos2"'· _..!. .... ~. 2 'I'• 2 

0 0 0 

0 0 0 0 
0 0 l 

sin<l>i cos<!>i 0 0 0 0 

ro 0 0 0 0 -f sin2<l>i 

lo o o o o o BiL = 
-cos2<!>i 0 

oo:,] 0 -sin<l>i 

and 

D = (i>.J1>(ro, h)M,,,, PJ1l(ro, h)(M,, - Mxx), 

S}1l(ro, h)(M,, + Mxx), QJll(ro, h)M,,, 

QJ!l(ro, h)Mzz, pp>(ro, h)(M,, - M"")' 

pp>(ro, h)M,,,, Qf1l(ro, h)Mu, Qf1l(ro, h)My, r 
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and 

V = [aR (CO, h, <l>1), ~R (CO, h, <l>1), 

aL(ro, h, <1>1), ~L(ro, h, <l>1). 

aR (ro, h. <l>N ), ~R (ro, h' <l>N ), 

aL(ro, h, <i>N), ~L(ro, h, <i>N) r 
If only Rayleigh waves (or Love waves) are used at a station 
with the azimuth <I>;. then only aR(ro, h, <I>;) and ~R(ro, h, <I>;) 
(or aL(ro, h, <I>;) and ~L(ro, h, <I>;)) are included in the data 
vector V, and BiR (or BiL) is used for B;. The system (A3) is 
solved for D ( ro) at several frequencies: mi. ro2, .. ., rox. 

The second step solves the following system: 

rM=A 

where 

and 

M = [ Mxy. (Myy -M"")' (M» +Ma), My•• M"' r 
A= [nT (ro1). DT (©z), ...• DT (rox) r 

r= [r!R, rlLT, r2R, r:u.T, . '' , rKR, rKLT r 
r iR = diag (i>J1>(ro;, h ), Pj1>(ro;, h ), SJ1>(ro;, h ), 

· (A4) 

QJ1>(ro;, h), QJI>(ro;, h)] (i = 1, .. .,K) 

(i = 1, .. .,K ; j = 1, .. .,4 ; l = 1, .. .,5) 

Here the only nonzero components of r iL jl are 
r iL 21=riL12 = pp>(ro;. h) and r iL 3s = r iL 44 = QP>(ro;, 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=l, ... 5) defined in the text. 
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