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SUMMARY 
We determine the isotropic component of large deep earthquakes by inversion for their 
full six-component moment tensors using the normal-mode data. We show that it is 
possible to reduce the correlation between the isotropic component and other compo- 
nents and to determine the isotropic component independently by analyses of normal- 
mode data a t  periods longer than 500s. We find no significant isotropic component 
for the earthquakes we studied; the magnitudes of the estimated isotropic components 
are comparable to the uncertainty due to the mislocation of the centroid. The magnitude 
of the isotropic component is at  most 5 per cent of the deviatoric seismic moment if it 
exists. This suggests that, if a rapid phase change of mantle minerals occurs during the 
rupture of deep earthquakes, the mantle material that transformed would be confined 
within an extremely thin layer. 

We also conduct moment tensor inversion using body waves and surface waves in 
the period band between 20 and 500 s. We find that there is a relatively consistent non- 
double-couple component of the deviatoric moment tensor for the Japan Sea earthquake 
(1994 July 21). This is likely to be caused by source complexity 

Key words: deep focus earthquakes, earthquake-source mechanism, global seismology, 
inversion, long period, normal modes. 

1 INTRODUCTION 

Precise estimation of the moment tensors of deep focus earth- 
quakes is important for understanding their physical mechan- 
isms. Since an isotropic component could be due to a 
volumetric change associated with a rapid phase transform- 
ation, whether or not deep earthquakes have significant iso- 
tropic components has important geophysical implications. 
Although many studies have tried to identify non-zero isotropic 
components (e.g. Dziewonski & Gilbert 1974; Gilbert & 
Dziewonski 1975), no significant isotropic component of deep 
earthquakes has ever been observed (e.g. Okal & Geller 1979; 
Vasco & Johnson 1989; Kawakatsu 1991, 1996). 

As has been suggested by previous studies (Mendiguren & 
Aki 1978; Kawakatsu 1991, 1996), the difficulty in identifying 
the isotropic component primarily comes from the fact that 
the radiation of seismic waves due to the isotropic component 
is very similar to that due to the vertical CLVD component 
(Randall & Knopoff 1970). There are two data sets that make 
it possible to resolve these components. One is long-period 
body-wave data, containing P ,  PP,  SP, SS and other phases 
(Kawakatsu 1991, 1996). This data set has good coverage of 
the focal sphere, and is suitable for determining the isotropic 

component independently from the other components. 
Kawakatsu (1991, 1996) conducted CMT inversion of long- 
period body-wave data in the period band between 50 and 
100 s, and showed that there was no significant isotropic 
component for the deep earthquakes he studied. 

The second data set, which was suggested by Kawakatsu 
(1996), is normal-mode data at periods longer than 500 s. The 
variation of the relative excitation of normal modes due to the 
isotropic component and the vertical CLVD component makes 
it possible to resolve these components independently. In our 
previous study (Hara, Kuge & Kawakatsu 1995; hereafter 
referred to as Paper I), we investigated whether the 1994 
Bolivia earthquake had a significant isotropic component using 
normal-mode data. We showed, by checking the correlation 
matrix (Fig. 3d in Paper I) ,  that it was possible to determine 
the isotropic component independently from the other compo- 
nents using normal-mode data in the period band between 550 
and 1000 s. We examined the effect of the error of the centroid 
location and 3-D earth structure, and found no significant 
isotropic component for the Bolivia earthquake. 

One of the merits of the normal-mode analysis is that we 
can obtain the moment tensor solution at long periods, which 
may reveal possible slow source processes that cannot be 
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detected using shorter-period body-wave data. Another advan- 
tage is the large variance reduction. For example, in Paper I, 
94.4 per cent of the total variance of the normal-mode data is 
accounted for by the synthetic seismograms computed for the 
moment tensor solution. This suggests that the bias due to 
unmodelled earth structure is small. In addition, we can include 
the effect of 3-D earth structure exactly by computing synthetics 
using the direct solution method (DSM, Geller et al. 1990; 
Hara, Tsuboi & Geller 1991, 1993), so we can investigate the 
effect of 3-D earth structure on the estimation of the isotropic 
component. 

The main purpose of the present paper is to investigate 
whether other deep earthquakes have significant isotropic 
components by analysis of their normal-mode data. We first 
explain how we estimate the isotropic component and its 
uncertainty using the analyses for the Bolivia earthquake as 
an example, since the most detailed investigation can be made 
for this earthquake. As we show below, the correlation between 
the isotropic component and the other components has a large 
impact on estimates of the isotropic component; special atten- 
tion should be paid to this point. This effect has not been 
carefully considered by previous studies of the isotropic compo- 
nent of deep earthquakes using normal-mode data, except for 
our study of the 1994 Bolivia earthquake. 

We then perform inversion for the full six components of 
the moment tensors of large deep earthquakes using normal- 
mode data, and investigate whether significant isotropic com- 
ponents are observed. 

In addition to our analyses of normal-mode data, we perform 
moment tensor inversion using body waves and surface waves 
in the period band between 20 and 500s, and investigate 
whether significant non-double-couple components of the 
deviatoric moment tensor are observed. 

84/03/06 29.60N 139.11E 446 1.4 x1020 

94/06/09 13.815 67.20W 657 3.0~10~’ 
94/07/21 42.30N 132.833 478 9.7~10’~ 

94/03/09 17.71s 178.11W 573 2.8x1020 

2 RE-DEFINITION OF THE MOMENT 
TENSOR 

In order to show clearly the correlation between the isotropic 
component and other components, following Kawakatsu 
(1991), we redefine the diagonal components of the moment 
tensors as follows: 

(M, + Mee + M++)/3, 

where Z is the isotropic component and C is a vertical 
compensated linear vector dipole (CLVD) (Randall & 
Knopoff 1970). 

The ‘non-double-couple component’ of the moment tensor, 
E, is defined as follows: 

where e, represents an eigenvalue of the moment tensor 
(el 2 e2 2 e3). When the isotropic component is zero, this is the 
same as the quantity defined by Giardini (1983, 1984). 

3 DATA A N D  ANALYSES 

3.1 Normal-mode analyses 

We choose the large deep earthquakes shown in Table 1 for 
the normal-mode analyses. We employ IDA seismograms for 
the 1982 Banda Sea (June 22) and the 1984 South of Honshu 
(March 6) earthquakes, and IRIS broad-band seismograms for 
the 1994 Fiji (March 9), Bolivia (June 9), and Japan Sea (July 
21) earthquakes. The duration of the seismograms is 10 hours 
for the 1982 Banda Sea, 1984 South of Honshu and 1994 
Bolivia earthquakes, and 5 hours for the 1994 Fiji and Japan 
Sea earthquakes. We employ relatively short time-series com- 
pared to the usual normal-mode analyses to reduce the effect 
of 3-D earth structure on observed waveform data. We do not 
use the first portions of the IDA seismograms to avoid using 
seismograms contaminated by non-linearity of the instrument 
response. 

For the moment, we fix the centroid location using the 
Harvard CMT solutions. We investigate the effect of varying 
the centroid location below. We use Model 1066A (Gilbert & 
Dziewonski 1975) as the earth model, and compute Green’s 
function using the DSM. In the DSM, the wavefield is expressed 
as a linear combination of trial functions. We choose the 
eigenfunctions of all of the degenerate singlets of the multiplets 
of 1066A whose eigenperiods are larger than 350s as trial 
functions. We fully consider coupling between trial functions 
due to the earth’s rotation and its elliptical figure in calculating 
the potential and kinetic energy matrix. We assume that the 
source time function is a step function. 

Kawakatsu (1996) showed that the sign of the correlation 
between the isotropic component and the vertical CLVD 
component varies significantly at periods longer than 500 s, 
and suggested that it is possible to determine the isotropic and 
vertical CLVD components independently using normal-mode 
data in this period range. We explain the reasons in terms of 
the excitation of normal modes in the Appendix. 

3.2 Broad-band analyses 

We perform broad-band analyses for the 1994 Fiji, Bolivia, 
and Japan Sea earthquakes using IRIS broad-band seismog- 
rams. We conduct three analyses for each earthquake. In the 
first analysis, we use the first portions of the observed seismog- 
rams, which contain the P wavetrain (P, pP, sP, P P )  and S H  
waves in the period band between 20 and 250 s. The duration 
of the time-series employed for each earthquake is listed in 
Table 2. We perform inversion for the moment tensors and 

Table 1. The event list (after Harvard). 

Event I Date Latitude Longitude Depth (km) Seismic moment (N.m) 
Banda Sea 1 82/06/22 7.28s 125.993 473 1.8 x 1020 
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Fiji 
Japan Sea 

Table2. The duration of the time- 
series employed in analyses of P wave- 
trains and SH waves. 

I Data I 

280 s 60 s 
200 s 40 s 

I Event I P wavetrains SH waves 
Bolivia I 300 s 60 s 1 

source time functions using this data set. The inversion scheme 
follows that of Kuge & Kawakatsu (1993). 

In the second analysis, using the portions of seismograms 
from the first P-wave arrivals to just before the Love-wave 
arrivals, we conduct CMT inversion of long-period body-wave 
data in the period band between 50 and 100s. The third 
analysis is CMT inversion of long-period surface-wave data. 
We use the period band between 250 and 500 s for the Bolivia 
earthquake, and 140 and 290s for the Fiji and Japan Sea 
earthquakes, respectively. The duration is about 3000 s; the 
waveforms include G1 and R1. In the second and third 
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analyses, we use 1066A as an earth model, and assume that 
the source time function is a step function. While the location 
of the earthquake is fixed in the first analysis, it is treated as 
an unknown in the second and third analyses. 

It is possible to form an estimate of the reliability of the 
non-double-couple component ( E )  based on the consistency 
between solutions determined for the different data sets (e.g. 
Kuge & Kawakatsu 1990). Since each data set is sensitive to 
a different portion of the earth structure, and since the corre- 
lation between the components of the moment tensor is 
different in each analysis, the consistent and large value of the 
(deviatoric) non-double-couple component ( E )  suggests that 
this is not an artefact due to large-scale 3-D structure or the 
instability of the inversion procedure. 

4 1994 BOLIVIA DEEP EARTHQUAKE 

We first present the results of the analyses for the 1994 Bolivia 
earthquake. Table 3 shows the moment tensor solutions 
obtained by each analysis. We show the solution obtained by 
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Figure 1. Comparison between observation and synthetics. The left panels show the amplitude spectra (solid curves: observed; dashed curves: 
synthetic). The vertical bars in the left panels indicate the eigenfrequencies of the normal modes computed for 1066A. The right panels show the 
phase differences between the observed and synthetic spectra. 
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the analysis of the normal-mode data in the period band 
between 550 and 1000 s in Table 3. We explain later the reason 
why we chose this period band and solution. The moment 
tensor of the Bolivia earthquake is primarily a double couple; 
the isotropic component, which is specified as a percentage of 
the deviatoric seismic moment, and the non-double-couple 
component (E )  are small for each of the analyses. 

Although its magnitude is larger than two standard devi- 
ations, the isotropic component estimated by the normal-mode 
analyses is not significant because, as we show below, the 
actual uncertainty is comparable to the magnitude of the 
estimated isotropic component. In evaluating the uncertainty, 
we consider the following factors: correlation between the 
isotropic component and other components, mislocation of 
the centroid, and unmodelled earth structure. 

4.1 Effect of correlation between the isotropic component 
and other components 

Fig. 1 shows a comparison of the data and synthetics computed 
for the moment tensor solution obtained by the analysis of the 
normal-mode data. We now consider the effect of the choice 
of the period band on the results of the moment tensor 
inversion. In each case, we assume that the source time function 
is a step function. 

Fig. 2(a) shows the dependence of the isotropic component 
obtained by the inversion on the period band chosen. For 
example, as shown at the bottom of the figure, using data in 
the period band from about 48G580s leads to an isotropic 
moment of -7.7 per cent. On the other hand, using data in 
the period band from about 63&800 s leads, as shown at the 
top of Fig. 2(a), to an isotropic moment of +4.4 per cent. 
Thus, depending on the period band chosen for the inversion, 
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we can obtain an isotropic moment ranging between about 
- 8 per cent and + 4 per cent. 

To see which of these values should be considered more 
reliable, we consider the correlation between the isotropic 
component and the other components. Fig. 2(b) shows the 
maximum absolute value of the correlation coefficient between 
the isotropic component and the other components for each 
solution. In most cases, the vertical CLVD component has the 
largest correlation with the isotropic component. We obtain a 
small correlation between the isotropic component and the 
other components, and hence a more reliable estimate of the 
isotropic component, using normal-mode data at periods longer 
than 500 s, and choosing a wide period band, say up to lo00 s. 
When we use a narrow band, the correlation coefficient becomes 
large, and hence the solution becomes unreliable. 

In Fig. 3(a), we plot the estimated isotropic components as 
a function of the maximum absolute value of the correlation 
coefficient between the isotropic component and the other 
components. The solution shown in Table 3, which is obtained 
by the analysis of the normal-mode data in the period band 
between 550 and 100Os, is the one for which the maximum 
absolute value of the correlation coefficient is the smallest. 
When we show the results for other earthquakes later, we 
present the solution obtained using the Green's function com- 
puted for model 1066A, for which the maximum absolute value 
of the correlation coefficient between the isotropic component 
and the other components is the smallest. Note that the 
isotropic components with negative signs, which are implosive, 
appear when the correlation is large. Since they disappear 
when the correlation decreases, they are artefacts due to 
contamination due to correlation with the other components. 
Thus, it is essential to reduce the correlation between the 

0.6 o'8 ~ 

0.0 L 
400 500 600 700 800 900 1000 

Period (s) 

Figure 2. (a) The isotropic components determined for the Bolivia earthquake for the various period bands employed for the inversion. The 
isotropic components are presented as a percentage of the deviatoric seismic moment. (b) The maximum absolute value of the correlation coefficient 
between the isotropic component and the other components for each of the period bands used for the inversion. 
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V. R. 
Event 

Analysis 
Period band 

Mrr 
M9e 

Table 3. The moment tensor solutions of the Bolivia, Fiji and Japan 
Sea earthquakes. 

94.4% 87.2% 31.6% 80.0% 
Fiji 

(8) 04 (4 (d) 
530-750 B 20-250 s 50-100 s 140-290 s 

-1.14f0.05 -1.17f0.09 -0.76f0.05 -1.24f0.07 
-0.12f0.09 0.48f0.11 0.02f0.05 0.01f0.09 

Event Bolivia 
Analysis (4 (b) ( 4  (df 

Period band 550-1000 6 20-250 s 50-100 s 250-500 s 
-0.74f0.03 -0.48f0.04 -0.26f0.05 -0.7M0.06 
0.97f0.05 0.48f0.04 0.39f0.06 0.70f0.08 

-0.06f0.05 -0.1M0.04 -0.0750.05 -0.02f0.07 
-2.95f0.02 -1.8M0.02 -1.22f0.04 -2.73f0.03 

-0.53f0.03 -0.32f0.02 -0.11f0.03 0.04f0.03 
1.7f0.7% -1.7&1.0% 1.7f3.8% -0.3f2.3% 

0.01f0.03 0.06f0.01 0.02f0.02 0.19f0.02 

0.04f0.03 0.05f0.04 0.07f0.09 0.00f0.05 
V. R. 
Event 

Analysis 
Period band 

Mrr 
M9e 

94.4% 87.2% 31.6% 80.0% 
Fiji 

(8) 04 (4 (d) 
530-750 B 20-250 s 50-100 s 140-290 s 

-1.14f0.05 -1.17f0.09 -0.76f0.05 -1.24f0.07 
-0.12f0.09 0.48f0.11 0.02f0.05 0.01f0.09 

V. R. 
Event 

Period band 
Analysis 

Mr r 

1.10f0.07 0.83f0.14 1.04f0.06 0.79f0.10 
-0.13f0.06 -0.2M0.05 0.01f0.03 0.06f0.02 
-2.54f0.04 -1.78f0.03 -1.92f0.04 -1.82f0.03 

-1.6fl.O% 1.8*2.8% 4.0f1.9% -6.0f3.3% 
0.11f0.05 0.03f0.14 0.10f0.05 0.044~0.07 

95.0% 80.0% 523% 69;% 
Japan Sea 

470-550 s 20-250 s 50-100 s 140-290 s 
(8) (b) (4 ( 4  

0.96f0.26 0.6350.18 -0.43f0.17 0.19f0.21 
Me9 

Mre 
M44 

M.4 
Me4 
I 
C 

V. R. 

4.57f0.33 3.46f0.18 3.45f0.19 4.48f0.31 

2.52f0.18 2.02f0.07 2.19f0.11 2.47f0.07 
-6.32f0.37 -2.59f0.22 -4.28f0.25 -4.78f0.37 

-8.56f0.16 -5.86f0.09 -6.98M.15 -8.33f0.12 
-3.49f0.28 -2.84fO. 13 - 1.86f0.11 -2.77fO. 13 
-2.2f1.4% 6.5f1.490 -4.6f1.8% -0.3f2.4% 
-0.15f0.06 -0.06f.04 -0.18f0.05 -0.16f0.06 

94.3% 79.6% 57.0% 76.9% 

The unit is lo2', Ido, and 10'' N,m for the Bolivia, Fiji, and Japan 
Sea earthquakes, respectively. (a) Normal mode analysis; (b) P and 
SH waveform analysis; (c) CMT inversion of long period body waves; 
(d) CMT inversion of long period surface waves. 1 is the isotropic 
component specified as a percentage of the deviatoric seismic moment. 
V. R. is the variance reduction obtained by each solution. 

isotropic component and other components to obtain a reliable 
estimate of the isotropic component. 

Note also that there are many different solutions whose 
correlation coefficients are small (say less than 0.3), and that 
the magnitude of the estimated isotropic components for these 
solutions varies from about 0 to 4 per cent of the seismic 
moment. We consider this spread as the uncertainty of the 
determination of the isotropic component. Thus, we consider 
the value presented in Table 3 for the Bolivia earthquake (1.7 
per cent) to be insignificant. 

4.2 Effect of centroid location 

We fixed the centroid location in the normal-mode analyses, 
which may have biased the solution. In order to evaluate the 
magnitude of this bias, we change the centroid location by 
10 km in all three directions (vertical, east-west, north-south), 
and perform inversion for each location. The period band is 
the same shown in Table 3. Fig. 3(b) shows the estimated 
isotropic component for each location. The magnitudes of the 
isotropic components fluctuate by about f 1.5 per cent of the 
deviatoric seismic moment, although the correlation does not 

Isotropic component of Bolivia earthquake 
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Figure 3. Evaluation of the uncertainty of the isotropic component 
obtained by the analysis of normal-mode data for the Bolivia earth- 
quake. (a) The isotropic components determined by normal-mode data 
in various period bands, shown in Fig. 2(a). The horizontal axis shows 
the maximum absolute value of the correlation coefficient between the 
isotropic component and the other components for each solution. The 
isotropic component is specified as a percentage of the deviatoric 
seismic moments. (b) The isotropic components determined for six 
different centroid locations with the solution given in Table 3. (c) The 
same as (a), except that the earth model is S12-WM13. 
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(a) Normal modes 

Model 
1066A 

(c)CMT(bodywaves) 
I C D M ~ t M r f M t f  
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Figure 4. The correlation matrices corresponding to the solutions for the Fiji earthquake shown in Table 3. The diameters of the circles are 
proportional to the magnitudes of the correlation coefficients. The solid and open circles indicate negative and positive values, respectively. 

change significantly. We consider this fluctuation as the uncer- 
tainty due to the error of the centroid location. 

4.3 Effect of 3-D earth structure 

Although we included the effect of the earth’s rotation and its 
elliptical figure in computing the Green’s functions, we did not 
include the effect of the 3-D seismic-velocity structure. We now 
conduct inversion using Green’s functions computed for the 
laterally heterogeneous model S12-WM13 (Su, Woodward & 
Dziewonski 1994) with the spherically symmetric part of 
1066A, and empirically investigate the effect of the 3-D seismic 
velocity structure. We scale the lateral heterogeneity of P-wave 
velocity, S-wave velocity and density according to 
d In vp/d In v, = 0.8 and d In pld In v, = 0.4. We fully consider the 
coupling between multiplets due to the laterally heterogeneous 
structure using the same trial functions as mentioned above. 

Fig. 3(c) shows the estimated isotropic components. The 
spread of the estimates becomes narrower than in the analyses 
using the Green’s function computed for 1066A. The variance 
reduction obtained by S12-WM13 is 2 per cent larger (meas- 
ured as a percentage of the total variance of the observed 
seismograms) than that obtained for 1066A (Table 4). The 
narrower spread of the estimates is partially due to this better 
variance reduction, since the effect of the unmodelled earth 
structure is expected to decrease. This suggests that it is 

Table 4. Variance reduction. 

important to consider the effect of 3-D earth structure to 
obtain a precise estimate of the isotropic component. Because 
the magnitudes of the isotropic components whose correlation 
coefficients with other components are small are comparable 
to the uncertainty due to the centroid location shown above, 
it is difficult to conclude that the estimated isotropic 
component is convincingly significant. 

We summarize the results of our analyses for the Bolivia 
earthquake: no significant isotropic component is observed, 
and the magnitude of the isotropic component is at most 5 
per cent of the deviatoric seismic moment if it exists at all. 

5 RESULTS FOR OTHER EARTHQUAKES 

We show above that the normal-mode data provide a precise 
estimate of the isotropic component. Here, we present the 
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results of the normal-mode analyses for the other deep earth- 
quakes. Figs 4 and 5 and Table 3 give the results for the Fiji 
earthquake; Figs 6 and 7 and Table3 for the Japan Sea 
earthquake; Figs 8 and 9 and Table5 for the Banda Sea 
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Figure 5.  Evaluation of the uncertainty of the isotropic component 
obtained by the normal-mode data for the Fiji earthquake. The details 
are the same as in Fig. 3. 

earthquake; Figs 10 and 11 and Table 5 for the South of 
Honshu earthquake. The results of the broad-band analyses 
are also presented for the Fiji and Japan Sea earthquakes. 

All of the magnitudes of the isotropic components estimated 
by the normal-mode data are less than two standard deviations 
(Tables 3 and 5), which suggests that no significant isotropic 
component exists for these earthquakes. 

5.1 Normal-mode analyses 

5.1 .I Correlation between the isotropic component and the other 
components 

As in the analysis for the Bolivia earthquake, we vary the 
period bands of the normal-mode data used in the inversion 
to examine the uncertainty of our estimates. The solutions 
shown in Tables 3 and 5 for each event are those for which 
the maximum absolute value of the correlation coefficient 
between the isotropic component and the other components 
is the smallest. The period bands employed to obtain these 
solutions are also shown in Tables 3 and 5. 

The correlation coefficients between the isotropic component 
and the other components are not as small as those for the 
Bolivia earthquake (Figs 4a, 6a, 8 and 10; see also Fig. 3d in 
Paper I). As we show in Fig. 2(b), it is necessary to use a 
broad period band, up to say 1000 s, to reduce the correlation. 
Since the SIN ratio decreases considerably at long periods for 
the other events, we cannot use data at periods up to 1000 s. 
The longest periods used are 750, 590, 650 and 580s for the 
Fiji, Japan Sea, Banda Sea and South of Honshu earthquakes, 
respectively. Thus the correlation coefficients are not as small 
as those for the Bolivia earthquake. 

5.1.2 Uncertainty of the estimated isotropic components 

Although the correlation between the isotropic component 
and the other components is not as small as that for the 
Bolivia earthquake, judging from the results shown in Fig. 3, 
the spread of the estimates is unlikely to change significantly 
as long as the maximum absolute value of the correlation 
coefficients is less than 0.3. We therefore consider the spread 
of the solutions for which the maximum absolute values of the 
correlation coefficients are less than, or around, 0.3 as the 
uncertainty of the isotropic component. 

For the Fiji earthquake, the magnitudes of the estimated 
isotropic components vary from - 1  to -5 per cent of the 
deviatoric seismic moment, when the maximum absolute value 

Table 5.  The moment tensor solutions of the 
Banda Sea and South of Honshu earthquakes. 

Mod I 1.09f0.05 -0.20f0.05 
I 1 0.3f1.6% -5.3f4.4% 

V. R. I 92.4% 86.3% 

The unit is lozo N.m. 
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Figure 6. The correlation matrices corresponding to the solutions for the Japan Sea earthquake shown in Table 3. The details are the same as 
in Fig. 4. 

of the correlation coefficients is less than 0.3 (Fig. 5a). Taking 
into account the uncertainty due to the error of the centroid 
location shown in Fig. 5(b), this value is insignificant. The 
spread of the estimates does not change significantly when we 
consider the effect of 3-D earth structure (compare Figs 5a 
and c). This seems to be partially due to the fact that the 
variance reduction obtained for S12-WM13 is comparable to 
that obtained for 1066A (Table4). We thus find that no 
significant isotropic component is observed for the Fiji earth- 
quake; the magnitude is at most 5 per cent of the deviatoric 
seismic moment. 

For the Japan Sea earthquake (Fig. 7), based on the spread 
of the estimates for which the maximum absolute value of the 
correlation coefficient is around 0.3, no significant isotropic 
component is observed; the magnitude is at most 4 per cent 
of the deviatoric seismic moment. 

For the Banda Sea earthquake (Fig.9), the spread of the 
estimates becomes narrower when we consider the effect of 
3-D earth structure of ,512-WM13, as was also seen in the 
analyses for the Bolivia earthquake. This is likely to be partially 
due to the larger variance reduction obtained for S12-WM13 
than for 1066A (Table4). Judging from the spread of the 
estimates for which the maximum absolute value of the corre- 
lation coefficient is less than 0.3, no significant isotropic 
component exists; the magnitude is at most 5 per cent of the 
deviatoric seismic moment. 

Fig. ll(a) shows that, for the South of Honshu earthquake, 
there is an apparently implosive component whose magnitude 
reaches 15 per cent of the deviatoric seismic moment when the 
maximum absolute value of the correlation coefficient is large 
(say 0.5-0.6). However, since this disappears when the corre- 
lation decreases, it is an artefact. Such artefacts can be expected 
to be larger for this earthquake, since the variance reduction 
is smaller than for the other earthquakes (Table 4). This small 
variance reduction is partially due to not employing the first 
portions of the observed seismograms to avoid problems due 
to non-linearity of the instrument and to using a longer time- 
series than in the analyses for the Fiji and Japan Sea earth- 
quakes. This suggests that, in determining the isotropic compo- 
nent, it is desirable, if possible, to restrict the time-series to 
only R1 and R2. 

The spread of the estimates is narrower in Fig. ll(c) than in 
(a), which implies that the effect of the unmodelled earth 
structure is smaller in Fig. 11(c). This is consistent with the 
larger variance reduction obtained for S12-WM13 than for 
1066A (Table 4). Thus, the estimates obtained for S12-WM13 
seem more reliable; judging from the spread of the estimates 
for which the maximum absolute value of the correlation 
coefficient is around 0.3 in Fig. il(c), the magnitude of the 
isotropic component is likely to be less than 5 per cent of the 
deviatoric seismic moment, although the constraint is weaker 
than in the analyses of the other earthquakes. 
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Figure 7. Evaluation of the uncertainty of the isotropic component 
obtained by the normal-mode data for the Japan Sea earthquake. The 
details are the same as in Fig. 3. 

5.2 Broad-band analyses 

5.2.1 Non-double-couple component, E 

For the Fiji earthquake, the values of E are small in all analyses 
(Table 3), which suggests that there is no large non-double- 
couple deviatoric component for this earthquake. 

In contrast to the results for the Bolivia and Fiji earthquakes, 

Banda sea (normal modes) 
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Figure 8. The correlation matrix corresponding to the solution for 
the Banda Sea earthquake shown in Table 5. The details are the same 
as in Fig. 4. 

the absolute values of E of the Japan Sea earthquake are 
relatively large (Table 3), which suggests the possible existence 
of a non-double-couple deviatoric component for this 
earthquake. 

5.2.2 Isotropic component 

Figs 4( b)-(d) and 6( b)-(d) show the correlation matrices 
obtained in the broad-band analyses for the Fiji and Japan 
Sea earthquakes, respectively. As is the case in the analyses for 
the Bolivia earthquake (Fig. 3 in Paper I), the correlation 
coefficients between the isotropic component and the other 
components are large for the analyses of the P and SH waves 
and the long-period surface-wave data, and are small in the 
analyses of the long-period body-wave data. 

The magnitude of the isotropic component determined by 
the analyses of the long-period body-wave data is larger than 
two standard deviations for these earthquakes (Table 3). 
However, we consider these values insignificant, because, as 
shown above, the actual uncertainty of the isotropic component 
determined by the normal-mode analyses is larger than two 
standard deviations, and because the uncertainty of the analy- 
ses of the long-period body-wave data seems still larger, since 
the effect of unmodelled earth structure can be expected to be 
larger due to the smaller variance reduction (Table 3). 

6 DISCUSSION 

We showed above that no significant isotropic component was 
obtained by the normal-mode analyses. We precisely estimated 
the upper limit of the isotropic component, and showed that 
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Figure 9. Evaluation of the uncertainty of the isotropic component 
obtained by the normal-mode data for the Banda Sea earthquake. The 
details are the same as in Fig. 3. 

its magnitude is at most 5 per cent of the deviatoric seismic 
moment. This is consistent with the results of Kawakatsu 
(1991, 1996), who analysed long-period body-wave data in the 
period band between 50 and 100 s. These results suggest that 
no large isotropic component exists for deep earthquakes in 
the period band between 50 and 1000 s. 

The magnitudes of the estimated isotropic components are 
comparable to the uncertainty due to the error of the centroid 
location (assumed to be on the order of 10 km in the above 
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Figure 10. The correlation matrix corresponding to the solution for 
the South of Honshu earthquake shown in Table 5. The details are 
the same as in Fig. 4. 

analyses). It is desirable to make a precise estimate of the 
centroid location and its error based on accurate calculations. 
Recently, Hara (1996) has developed such an algorithm, in 
which the direct solution method is used in computing synthetic 
seismograms. Moreover, this new algorithm can be applied to 
simultaneous inversion of earthquake source parameters and 
3-D earth structure. The application of this new algorithm will 
provide a precise and reliable estimate of the centroid location 
and its error and then make it possible to conduct a more 
precise determination of the isotropic component in the near 
future. 

No large non-double-couple deviatoric component was 
observed for the Bolivia and Fiji earthquakes, while a small 
but relatively consistent non-double-couple deviatoric compo- 
nent was found for the Japan Sea earthquake. Kawasaki & 
Tanimoto (1981) suggested that anisotropic seismic velocity 
structure around the source region could cause the significant 
non-double-couple component. Anderson (1987) pointed out 
the possible existence of anisotropy within a subducting slab. 
Here, we consider the possibility that anisotropic structure 
could be the cause of the non-double-couple component of the 
Japan Sea earthquake. 

There are two candidates for the main mineral around the 
source of the Japan Sea earthquake, which occurred at a depth 
of 478 km. If the equilibrium phase-change occurs, the material 
around the source will mainly consist of p spinel (e.g. Katsura 
& Ito 1989). The other candidate is metastable olivine, which 
recent seismological studies suggest may exist within subduct- 
ing slabs (Iidaka & Suetsugu 1992; Wiens, McGuire & Shore 
1993; Iidaka & Furukawa 1994). The anisotropy of these 
minerals (Kumazawa & Anderson 1969; Sawamoto et al. 1984) 
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Figure 11. Evaluation of the uncertainty of the isotropic component 
obtained by the normal-mode data for the South of Honshu earth- 
quake. The details are the same as in Fig. 3. 

could produce non-double-couple components whose magni- 
tudes are comparable to that observed for the Japan Sea 
earthquake. 

However, if this was the case, an isotropic component whose 
magnitude is 5-10 per cent of the deviatoric seismic moment 
would also be observed. This is not supported by our esti- 
mation of the upper limit of the isotropic component; it is thus 
unlikely that anisotropic seismic-velocity structure could cause 
the observed non-double-couple component. 

Kuge & Kawakatsu (1992) suggested that, for the 1987 
northern Sea of Japan earthquake (May 7), the observed 
non-double-couple component might be produced by sub- 

events whose focal mechanisms were double couples with 
different orientations that occurred at almost the same time. 
We prefer this idea as the cause of the non-double-couple 
deviatoric component of the Japan Sea earthquake. 

Since there is no significant isotropic component and non- 
double-couple component for the Bolivia and Fiji earthquakes, 
there is no evidence for a significant volumetric change, or for 
an anisotropic structure around the source region for these 
earthquakes. 

Based on these results, using the upper limit of the isotropic 
component, we can calculate the upper limit of the possible 
volume change during the ruptures of these earthquakes. Using 
the values of the bulk modulus of 1066A, the upper limits are 
estimated to be about 0.6 and 0.07 km3 for the Bolivia and 
Fiji earthquakes, respectively. 

Recently, transformational faulting has been proposed as 
the physical mechanism responsible for deep earthquakes 
(Green & Burnley 1989; Green et al. 1990; Kirby, Durham & 
Stern 1991). In this theory, deep earthquakes are caused by a 
shear instability due to a rapid phase change of metastable 
olivine within a thin layer. We assume that the density change 
due to the phase change is 8 per cent in the following 
discussion. This value corresponds to cc+P transformation of 
olivine (e.g. Ringwood 1991), and is, of course, smaller than 
those due to the cl+y or cl-+ (perovskite+magnesiowustite) 
transformation. Therefore, our values give an upper limit of 
the volume associated with the phase change, since the isotropic 
moment is proportional to (density change) x (associated 
volume). The upper limit of the volume of the mantle material 
that would transform into the denser phase is about 7 km3 for 
the Bolivia earthquake and 0.9 km3 for the Fiji earthquake. 

For these earthquakes, the fault dimensions are estimated 
as 30 x 50 km2 for the Bolivia earthquake (e.g. Silver et al. 
1995) and 50 x 65 km2 for the Fiji earthquake (Wiens et al. 
1994). Then, using our estimate of the upper limit of the 
volume, we can estimate the average thickness of the mantle 
material that would transform during the rupture. The thick- 
ness is about 5 m for the Bolivia earthquake and 30 cm for the 
Fiji earthquake. The factors of the values may change, because 
we assume that the mantle material that would transform 
distributes uniformly, and because a fraction of the mantle 
material may transform before the rupture initiates, as is 
expected from the theory of transformational faulting. 
However, their orders are not likely to vary significantly. Thus, 
if a rapid phase change occurs during the ruptures of deep 
earthquakes, the mantle material that transforms is likely to 
be confined within an extremely thin layer; for example, the 
ratio of the thickness to the fault dimension would be on the 
order of 1 : lo5 for the Fiji earthquake. 

7 CONCLUSION 

We precisely determine the isotropic components of large deep- 
focus earthquakes by inversion for all six components of their 
moment tensors using normal-mode data. We carefully evaluate 
the uncertainty due to the correlation between the isotropic 
component and the other components, the error of the centroid 
location, and 3-D earth structure. We show that it is possible 
to determine the isotropic component independently by analy- 
ses of normal-mode data at periods longer than 500s, and 
that better constraints on the isotropic component can be 
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obtained by using Green’s functions for the present 3-D 
earth model. 

We find that there is no significant isotropic component for 
any of the earthquakes we studied; the magnitude of the 
isotropic component is at most 5 per cent of the deviatoric 
seismic moment. Thus, if rapid phase changes occur during 
the rupture of deep earthquakes, the mantle material that 
transformed should be confined within a n  extremely thin layer. 

A broad-band analysis of body-wave and surface-wave data 
showed that there is a relatively consistent non-double-couple 
deviatoric component of the moment tensor for the 1994 Japan 
Sea earthquake. This non-double-couple component appears 
to be due to the complex source process, such as  double- 
couple subevents with different source mechanisms that 
occurred a t  almost the same time. 
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where I is the angular order number, wk is the eigenfrequency, 
and U and V are the radial eigenfunctions. 

In Fig. A1 we show the relative excitation of spheroidal 
modes due to an isotropic point source and a vertical CLVD 
point source located at a depth of 671 km [the excitation is 
normalized so that the maximum absolute value in Fig. Al(a) 
is 1). While the magnitude of the relative excitation due to 
the isotropic component is less than 0.3 for almost all of the 
overtone modes (although we show only the values for the 
first and second overtones, this also holds for higher overtone 
modes), it is larger than 0.3 for most of the fundamental modes. 
Therefore, fundamental modes primarily constrain the isotropic 
component. However, at periods shorter than 500 s (above 
2 mHz), the sign of the excitation due to the isotropic compo- 
nent is always positive, while that due to the vertical CLVD 
component is always negative. This causes a large correlation 
between the isotropic and vertical CLVD components. 

On the other hand, at periods longer than 500 s (below 2 
mHz), the sign of the excitation due to the vertical CLVD 
component changes from negative to positive. This is the 
reason for the decreased correlation between the isotropic and 
vertical CLVD components that allows them to be clearly 
distinguished using data at periods longer than 500 s. This is 
also the case for shallower (say, at a depth of 450km) 
earthquakes. 

The excitation of radial modes at periods longer than 500 s 
(oSo and ISo) due to the isotropic component is larger than 

APPENDIX A: DISCRIMINATION BETWEEN 
THE ISOTROPIC COMPONENT A N D  THE 
VERTICAL CLVD COMPONENT U S I N G  
NORMAL-MODE DATA 

Kawakatsu (1996) suggested that it may be possible to dis- 
tinguish the isotropic component from the vertical CLVD 
component using normal-mode data at periods longer than 
500 s. In a previous paper (Hara et a!. 1995), using normal- 
mode data in the period band between 550 and lOOOs, we 
showed that we can determine the isotropic component of the 
1994 Bolivia earthquake independently from the other compo- 
nents. Here, we explain the reason why we can reduce the 
correlation between the isotropic component and the other 
components. 

Of the five components of the moment tensor other than 
the isotropic component, the vertical CLVD component will 
have the largest correlation with the isotropic component. This 
is because both the isotropic component and the vertical 
CLVD component have the same radiation pattern with m= 
0, where m is the azimuthal order number. The excitation of 
the m = 0 component of spheroidal normal modes for a laterally 
homogeneous earth model and a point source on the z-axis is 
proportional to 
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Figure Al.  (a) The relative excitation of fundamental modes due to the isotropic (solid squares) and vertical CLVD component (open triangles); 
(b)  first overtone modes; (c) second overtone modes; and (d) radial modes. The source is located at a depth of 671 km. The excitation is normalized 
so that the maximum absolute value in (a) is 1. 
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that due to the vertical CLVD component (Fig. Ald). Hence, 
these modes are sensitive to the isotropic component. Recently, 
Okal (1996) showed by an analysis of oSo and ,So that no 
significant isotropic component is observed for the Bolivia 
earthquake. Because the relative excitation of radial modes is 
much smaller than that of spheroidal modes [note that the 
vertical scale of Fig. Al(d) is one tenth of the other figures], 

and because, as discussed by Okal (1996), a very long time- 
series, say up to 80 days, is necessary for the analysis of oSo 
because of its large quality factor, it is difficult to conduct a 
precise determination of the isotropic component using radial 
modes, except for very large earthquakes such as the Bolivia 
earthquake. 
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