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Seismic Radiation by Magma Injection: 

An Anomalous Seismic Event Near Tori Shima, Japan 

HiROO KANAMORI, 1 GORAN EKSTROM, 2 ADAM DZ1EWONS•, 2 
JEFFREY S. BARKER, 3,4 AND STUART A. SIPKIN 5 

The earthquake with a bodywave magnitude mb=5.5 , which occurred near Tori Shima, Japan, on June 
13, 1984 (origin time: 0229:25.3 UT, 31.448øN, 140.036øE, depth of 10 km, mb=5.5, MS=5.5 ) is anomalous 
because it generated tsunamis which are disproportionately large for the magnitude of the earthquake. At 
Hachijo Island, 150 km from the epicenter, tsunamis were visually observed with peak-to-peak amplitude of 
130 to 150 cm. Long-period seismic radiation is also anomalous. Love waves are almost absent, and 
Rayleigh waves are radiated with equal amplitude and phase in all directions. A simple double-couple 
model cannot explain these observations. With the assumption of no net volume change at the source, these 
data can be best explained with a compensated linear vector dipole (CLVD) with the principal tensional 
dipole in the vertical direction. The scalar moment of this dipole is 4x1024 dyn cm. Moment tensor 
inversions of long-period body waves and surface waves yield an almost identical solution. This CLVD 
source can be interpreted as horizontal fluid injection. The location of the event is in the Smith depression 
which is one of the nascent back arc basins just behind the Bonita arc. These basins are filled with thick 
sediments, and numerous young volcanoes are found near this site. Magmatic injection is most likely to 
occur in this tectonic environment. However, the time scale of the seismic event seems too short for magma 
injection to occur. A more likely mechanism involves water-magma interaction. The injection may be 
viewed as hydrofracturing driven by supercritical water heated by injected magma. The estimated volume 
of injected water is about 0.018 kmOand that of basaltic magma is about 10% of this. This type of 
deformation is more efficient for tsunami generation than faulting with the same scalar moment. 

INTRODUC•ON 

On June 13, 1984, an earthquake with a bodywave 
magnitude, mb=5.5, occurred near Tori Shima (Tori Island), 
Japan. (The hypocentral parameters reported by the National 
Earthquake Information Center are 0229:25.3 UT, 31.448øN, 
140.036øE, depth of 10 km, mb=5.5, MS=5.5, see Figure 1). 
This earthquake was anomalous because it generated large 
tsunamis which were observed at many locations in Japan 
[Hatori, 1985; Okada, 1984]. At Hachijo Island, 150 km 
from the epicenter (Figure 1), tsunamis were observed 
visually with a peak-to-peak amplitude of 130 to 150 cm. 
Along the Japanese coast, 400 to 500 km from the 
epicenter, tsunamis as high as 58 cm (peak-to-peak 
amplitude) were observed on tide gauges. These tsunamis are 
disproportionately large for the magnitude of the earthquake. 
Hatori [1985] assigned this event a tsunami magnitude of 
rn=0. Normally, only earthquakes with Mw=7.2 can generate 
tsunamis of this magnitude [Hatori, 1978]. According to 
Hatori [1985], the first motion of the tsunami was up at two 
locations. At another location, it was down but ambiguous. 
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At other locations, the first motions could not be 
determined. Satake and Kanamori [1991] showed that the 
large tsunamis observed at the Japanese coast are partially 
due to focussing of tsunami energy along the path. 

In the Bonin arc where this earthquake occurred, underwater 
volcanic eruptions are frequent. Many of these resulted in 
the formation of new islands (e.g., 1952 Myojin Reef 
[Morimoto and Ossaka 1955], 1973 Nishino-jima Shinto, 
1985 North Iwo Jima, see Figure 1). There is no positive 
evidence, however, for underwater volcanic eruptions 
associated with this event (A. Kubotera, personal 
communication, 1985). 

Except for the anomalous tsunamis, no obviously unusual 
observations have been reported. In view of the importance 
of this event in relation to magmatic processes and tsunami 
generation, we made a detailed analysis of global seismic 
data observed for this earthquake. We will show that under 
the assumption of no net volume change, this earthquake can 
be best represented by a compensated linear vector dipole 
(CLVD) rather than the conventional double force couple. 

lshimoto [1932] argued that most earthquakes are caused 
by sudden magma injection and proposed this type of source. 
Subsequent studies, however, have demonstrated that almost 
all earthquakes are caused by faulting and can be adequately 
represented by a double couple. 

Seismic sources with a CLVD mechanism have been 

proposed for some seismic events. The most recent example 
is the Mammoth Lakes earthquake in California presented by 
Julian [1983] and Julian and Sipkin [1985]. Sipkin [1986] 
made a systematic study of nondouble-couple events and 
concludes that source multiplicity, rupture on nonplanar fault 
surfaces, and tensile failure under high fluid pressure 
(injection) may cause a nondouble-couple solution. Sipkin 
argued, on the basis of the result of his time-dependent 
inversion technique, that injection is the most likely 
mechanism of the Mammoth Lakes earthquake. Ekstrrm 
[1983] and Wallace [1985], however, offered an alternative 
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Fig. 1. Location of the 1984 Tori Shima earthquake (June 13, 1984). The inset shows the E/W profile passing the epicenter 
[after Honza and Tamaid, 198S]. The epicenter of the thrust event (November 1S, 1983) used for comparison is also shown. 

explanation (complex source) for the mechanism of that 
earthquake. 

LONG-PERIOD SURFACE WAVES 

The most unusual feature of the 1984 Tori Shima 

earthquake is the absence of long-period Love waves. Figure 
2a shows long-period seismograms recorded at stations of 
the Global Digital Seismographic Network (GDSN). We 
filtered the original seismograms with a low-pass filter with 
a cutoff period of 30 s. In Figure 2 the vertical and the 
transverse components have a common amplitude scale. 
Although we could retrieve both vertical and transverse 
components from only six stations, the azimuthal coverage 
is satisfactory. Since surface wave radiation patterns are 
symmetric at the source, an azimuthal coverage over only 
180 ø is needed to determine the mechanism. At all the 

stations, Love waves are negligible compared with Rayleigh 
waves. At the station CHTO, some energy is observed on 
the transverse component, but the distance is only 39 ø and 
the multiple $ phases are not clearly separated from the Love 
wave. Both Love and Rayleigh waves are excited equally 
well by any double-couple source. To demonstrate this, we 

show in Figure 2b seismograms from an ordinary thrust 
earthquake (November 15, 1983) which occurred near the 
Tori Shima earthquake. The difference between Figures 2a 
and 2b is obvious and suggests a nondouble couple origin of 
the Tori Shima earthquake. 

Long-period Rayleigh waves were also recorded at the 
stations of the International Deployment of Accelerographs 
(IDA) network. We inverted the Rayleigh wave spectra to 
determine the source mechanism using the method described 
by Kanamori and Given [1981]. Since the event is shallow, 
the moment tensor elements Mzx and Mzy (for notation, 
see Kanamori and Given [1981]) cannot be determined and 
are assumed to be zero. The isotropic component is also 
assumed to be zero. The effect of isotropic component will 
be discussed later. We inverted the data at periods of 160, 
176, 204, 232, and 256 s, and the results are summarized in 
Table 1. In Table 1, •,1, •,2, and •,3 are the eigenvalues of 
the moment tensor (1•, 11•_1•,21_•l•,3l ). Then the moment tensor 
can be decomposed into two parts, one representing a double 
couple with a scalar moment of 1•,1+2•,31 and the other a 
CLVD with strength of 12•,31. The ratio •=-12•,3/•,11 gives the 
contribution of the CLVD source to the total moment. The 

source process time is approximately 10 s at periods of 160, 
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Fig. 2. (a) Vertical (V) and transverse (T) component of filtered GDSN long-period seismograms. Both components have a 
common amplitude scale. Rayleigh wave trains are marked by R and the predicted arrival times of Love waves are marked 
by G. Note the absence of Love waves at all the stations. The azimuthal distribution of stations is shown on a circular 
diagram. Co) A similar figure for the nearby thrust earthquake which occurred on November 15, 1983. Note the difference 
in the Rayleigh to Love wave amplitude ratio between the two events. 

176, and 204 s. It increases to 20 and 40 s at 232 and 256 

s periods, respectively. The solutions obtained at different 
periods are similar, except that the total scalar moment I%11 
increases with the period. Because of the small magnitude of 
the event, the signal-to-noise ratio at periods much longer 
than 200 s is poor. On the other hand, the data at shorter 
periods are contaminated by Earth's heterogeneity. Hence we 
consider the result at 204 s to be the most reliable. The 

phase and amplitude data at this period are compared with the 
model values in Figure 3a. The amplitudes and phases of the 

Mxx 

Rayleigh wave spectrum are about the same at all stations, 
and the œ value is 0.87, indicating that the source is an 
almost pure CLVD. The anomalously large amplitude at KIP 
is probably due to focussing of energy caused by lateral 
heterogeneities of Earth. The amplitude of odd order 
Rayleigh waves at KIP from events in the Japanese region is 
usually about 50% larger than expected [e.g., Kanamori and 
Astiz, 1985]. 

If we force the solution to be a double couple, we obtain a 
fault model shown in Figure 3b. Since the available 

Mxy -0.030 -0.062 0.019 0.033 0.0025 
Mzx .......... 

0.32 0.34 0.39 0.51 0.66 

;t 2 -0.19 -0.23 -0.22 -0.31 -0.42 
13 -0.13 -0.11 -0.17 -0.19 -0.24 

12L31 0.26 0.22 0.34 0.38 0.48 
I;t,l+2Z31 0.060 0.12 0.050 0.13 0.18 

t• 0.81 0.65 0.87 0.75 0.73 

Note that moment tensor is in units of 1025 dyn cm. 
*Body wave only. 
•'Body wave and mantle wave. 
•'•'Body wave and mantle wave without constraint on Mxx+Myy+Mzz ' 

B+M'J' B+M'J"J' 
-0.1g -0.087 
-0.19 -0. O91 
0.38 0.61 

-0.064 -0.038 -0.039 

0.013 -0.096 -0.094 
0.029 0.062 0.060 

0.40 0.40 0.63 
-0.27 -0.23 -0.13 

-0.13 -0.17 -0.068 
0.26 0.34 -- 

0.14 0.06 -- 
0.65 0.85 -- 

TABLE 1. Moment Tensor Solution for the Tori Shima Earthquake 
Lon$-Period Rayleigh Wave, s 

160 176 204 232 256 B* 
-0.16 -0.17 -0.20 -0.21 -0.22 -0.22 
-0.16 -0.17 -0.20 -0.30 -0.42 -0.18 

0.32 0.34 0.39 0.51 0.66 0.40 
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Fig. 3a. The phase and amplitude spectrum of Rayleigh waves as a 
function of azimuth at a period of 204 s. The solid curve shows the 
theoretical values for the source determined by inversion. The dashed 
curve indicates the theoretical amplitude spectrum of Love waves. 

obtained from long-period surface waves, we included mantle 
waves (Love and Rayleigh waves recorded at the GDSN 
stations) in the inversion for the CMT solution. We tried 
two inversions. In the first inversion the isotropic 
component is assumed to be zero. The result is shown ifi 
Table 1. Compared with the solution obtained from body 
wave data alone, this solution is closer to CLVD and is •ore 
similar to the solution obtained from long-period surface 
waves at the period of 204 s. If the solution is forced to be 
a double couple, no stable solution was obtained. The good 
agreement between the results obtained using different data 
sets and methods suggests that this event is indeed 
represented by a CLVD type source, at least at long periods. 

In the second inversion, the constraint Mxx+Myy+Mzz=O 
is removed. In general, a trade-off exists between Mzz and 
M xx+Myy, and the isotropic component cannot be 
determined well in this type of inversion. The variance 
reduction is from 0.51617 to 0.51463, which is considered 
insignificant. As shown in Table 1, the solution indicates 
essentially a vertical dipole which can be decomposed into 
an explosive isotropic source and a CLVD. 
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Fig. 3b. The Rayleigh wave amplitude spectrum. The data (solid circles) 
are the same as in Figure 3a. The solid curve is the amplitude spectrum 
for the best double-couple solution. The dashed curve is the Love wave 
amplitude spectrum computed for the best double-couple solution. 

Rayleigh wave records are relatively few, the Rayleigh wave 
data alone cannot reject double couple models, as shown in 
Figure 3b. However, the root-mean-square of the misfit of 
the spectrum for this case is 0.0039 cm s, which is larger 
than that for the CLVD solution, 0.0032 cm s. The most 

obvious diagnostic for the CLVD source is the amplitude of 
Love waves. As shown in Figure 3a, the predicted amplitude 
of Love waves for the CLVD solution is close to zero at all 

stations, which is consistent with the observation. In 

contrast, the maximum Love wave amplitude for the best 
double-couple is 58% of that of Rayleigh waves (Figure 3b), 
which is inconsistent with the data. Thus the CLVD source 

is much more preferable than the best double couple model. 

CENT•OID MOMENT T•NSOR 

The centroid moment tensor (CMT) solution for this event 
published by Dziewonski et al. [1985] has a large 
nondouble-couple component as shown in Table 1 and Figure 
4. As shown in Table 1, this solution is similar to that 
obtained from long-period surface waves described above, but 
it is intermediate between double couple and CLVD 
mechanism. Because of the small magnitude of this event, 
their solution is based on only body wave data. 

In order to compare the CMT solution with that we 

BODY WAVE 

The P waveforms recorded by GDSN long-period 
seismographs are shown in Figure 4. All the stations for 
which the first motions could be read indicate upward 
motions. However, at GUMO, TATO, and MAJO the fixst 

upward motion is very small and is followed by a large 
downward motion. The fixst-motion data are consistent with 

the moment tensor solutions shown in Table 1. 

The SH waves are generally very small compared with SV 
waves at all stations. This observation together with the 
upward P motions at all the stations is consistent with the 
CLVD mechanism obtained from long-period surface waves. 
Figure 5 compares the body waves from the Tori Shima 
earthquake with those from an ordinary thrust earthquake. 
For the ordinary earthquake, the SH waves are, when 
averaged over the azimuth, generally significantly larger 
than P waves. This difference again demonstrates the 
unusual character of the Tori Shima earthquake. 

We performed moment tensor inversions of P and S H 
waves to investigate the details of the source. Because of 
the unusual nature of this event we used several different 

methods. In all body wave inversions, however, the 
isotropic component is assumed to be zero. 

One method, developed by Sipkin [1982], treats each 
element of the moment tensor as a separate function of time, 
thus allowing us to test the hypothesis that the event was a 
multiple rupture with different orientations for the sub- 
events. The results of this inversion (Figure 6a and Table 2) 
indicate that this event had a simple time history, with a 
duration of 12 s, and no change in orientation. Most of the 
moment release is concentrated toward the end of the source 

pulse. The minimum in the mean-squared-error versus depth 
usually occurs at, or very near, a minimum in the œ versus 
depth curve [Sipkin, 1986]. For moderate sized earthquakes, 
œ is usually very small; for over 80% of the earthquakes 
studied using this method œ is less than 0.2. For the Tori 
Shima event, however, the minimum in œ at the depth 
where the mean-squared-error was at a minimum had a value 
of 0.73, indicating that there is no double-couple mechanism 
that can satisfactorily fit the long-period body wave data. 
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Fig. 4. P waveforms and the first-motion data. The mechanism diagram of the CMT solution obtained by Dziewonski et al. 
[1985] is shown. 

An inversion was also attempted using a more realistic 
oceanic structure, SOD-l, determined by Spudich et al. 
[1978]. The results of this inversion yielded a very similar 
•solution with a somewhat higher value of e but with a larger 
misfit to the data. 

A second method, developed by Ekstr6m [1989], inverts 
broadband (1 Hz to 100 s) P waveforms simultaneously with 
the CMT data set for the moment tensor elements, the focal 
depth, and the source time function. Seven broadband 
records were constructed from digital short- and long-period 
seismograms, and the inversion results again showed that 
the data were best explained with a moment tensor which is 
closer to a CLVD than to a double-couple (Figure 6b and 
Table 3). In order to be well fit, the broadband waveforms 
required an unusually large (10 s) source duration as well as a 
very shallow focus, probably in the top few kilometers of 
sediments on the ocean floor. 

A close examination, however, revealed that if the event 
occurred within a few kilometers beneath the ocean bottom, 
an ordinary double-couple mechanism could also produce 
very small $H/P ratio. This situation is discussed by Barker 
and Kanamori [1986] and can be explained as follows. For a 
dip-slip mechanism, the direct phase and the surface 
reflections are of opposite polarity. Hence if the source is 
very shallow, the direct wave and the surface reflections 
cancel out, producing small P and SH waves. If the event 
occurred in the sediments beneath the ocean bottom, most P 
wave energy radiated upward will go into the water layer and 
the main energy reflection occurs at the water surface. 
Because of this extra path in the water, the surface 
reflection, being delayed, does not cancel the direct wave. 
In contrast, the SH wave is always reflected at the ocean 
bottom, and the direct and reflected phases cancel each other 

almost completely, resulting in a small SH/P ratio. Since 
this behavior depends very critically on the structure and the 
depth, we performed a more detailed inversion of body waves 
using a crustal structure appropriate for the epicentral region 
of the Tori Shima earthquake. 

The velocity structure we used is taken from Den [1972] 
and is shown in Table 4. This structure has been determined 

from a refraction profile in the vicinity of the epicenter, and 
has a 1.5-km-thick water layer underlain by low-velocity 
sedimentary layers. The source depth is taken as 4.5 km 
(i.e., 3 km beneath the ocean floor) on the basis of 
modelling of stacked short-period waveforms using the same 
structure model. The inversion was performed using the 
method of Barker and Langston [1982] on 48 teleseismic P 
and SH waveforms. The inversion results are shown in 

Figure 7. The solution is again a nearly pure CLVD with the 
primary dipole (tension) plunging 80 ø SE. The duration of 
the time function is 6 s, which is shorter than that estimated 

from long-period surface waves. This difference indicates 
that the overall process time of the source is somewhat 
longer than that indicated by the time function shown in 
Figure 7. 

The above results confirmed the CLVD source for the Tori 

Shima earthquake with the assumption of vanishing 
isotropic component. 

ISOTROPIC COMPoENT 

In the analysis presented above, we imposed the 

constraint Mxx+Myy+Mzz=O in all cases except in the 
second CMT inversion. The above constraint is usually 
imposed in seismic source inversions for shallow events 

because of the trade-off between Mzz and Mxx+Myy ß 
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Fig. 5. Three-component (vertical, radial, and transverse) records of P and S waves for the Tori Shima earthquake and the 
thrust earthquake on November 15, 1983. Note the difference in the P to SH amplitude ratio between the two earthquakes. 

Although this trade-off is not so obvious in general, we can 
examine it in some detail for our case where 

Mxy=Mxz=Myz=O and Mxx=Myy. Using the expression 
(equation 2) of Kanamori and Given [1981], the source 
spectrum of the vertical component of Rayleigh waves is 
given as a function of angular frequency to by 

where $(•1) and N• ) are the excitation functions. 
write Mxx+Myy=kMzz, then 

If we 

I2(ro)=[(2-k)S?16+(l + k)N•O I31M•. (2) 

12(ro)=(S?+N(•))Mzz/3+(2N?-S(•O)(Mz•+M•)/6 (1) 
When k=-l, k=0, k=2/3 and k=2, this represents CLVD, 
vertical dipole, net horizontal injection (with volume change 
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Fig. 6a. Inversion of long-period P and SH waves using Sipkin's [1982] method. The observed records (solid) and synthetic 
records (dotted) are compared. The radiation patterns of P and SH waves for the moment tensor solution and the source time 
function are shown at the bottom. 

TABLE 2. Body Wave Moment Tensor Solution M•/3 0 • Principal Axes I Plun[•e Azimuth M,,13 17'(co) = 2[S(• ) +(512)N(•)lMzz19 
T 3.92 89 ø 64 ø 

I -1.43 1ø 223 ø 0 Mzz , 
P -2.50 0 ø 313 ø (horizontal injection), 

Number of stations is: 15 P •ases and 10 SH phases. Depth is 7 km. Moment tensor (unit of 1 dyn can): Mrr =Mzz =3.92, M00 
=M....=-1.92, M,•,• =M.. =-2.00, =M =0.03, =- 

0.0•,•/0• =-% •=•0.53"" MrO xz Mr•='Myz 
Nondouble-couple omponent •----0.73. 

and •,=•t), and isotropic explosion, respectively. 
moment tensors and the source spectra are given by 

and 

-M./2 0 (CLVD), 

0 0 0 

0 0 M., 
(vertical dipole), 

M. 0 0 

• Mzz 0 0 Mzz 
The ' 

(isotropic explosion), (3) 

respectively. 
Thus the observed spectrum l•(eo) can be interpreted in 

terms of either one of these models, or any combination of 
them, depending on the value of k. Unless some 
independent estimate of the net volume change is available, 
this indeterminacy cannot be removed. A similar 
indeterminacy occurs in body wave analysis, and inversion 
without the constraint of vanishing isotropic component is 
unstable. This indeterminacy needs to be borne in mind in 
the following interpretation. 
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Fig. 6b. Inversion result using Ekstrtm's [1989] method. The waveforms are displacement seismograms obtained from 
simultaneous deconvolution of short- and long-period channels. The observed seismograms are shown in solid, and the 
synthetics are shown in dashed lines. The small arrow indicates the P wave arrival, and the brackets show the inversion 
window. The maximum amplitude is shown in microns. The NWAO trace was not used in the inversion because of the high 
noise level. 

Table 3. Centroid Moment Tensor P Wave Solution 

Principal axes: Z Plun[•e Azimuth 
T 4.35 80 ø 24 ø 

I -1.35 9 ø 221 ø 

P -3.00 2 ø 131 ø 

Depth is 2.2 km in the stmcture shown in Table 4. Moment Tensor 

(unit of 1024 dyn cm): Mrr =Mzz =4.18, MOO =Mxx =-1.91 0• =M =-2.27 M ,,=M =0.93 M •=-M =-0 32 =-M : q• YY ' ro xz ' rq yz . ,Moq• xy ' ' 
Nondouble-couple component g=0.62. 

TABLE 4. Velocity Structure Model at the Source of the 
Tori Shima Earthquake 

Vp , V S, Density, Thickness, 

km/s km/s •,/cm 3 km 
1.50 0.00 1.03 1.50 
1.80 1.04 1.30 0.30 
2.00 1.15 1.80 0.40 
3.20 1.85 2.10 0.50 
4.75 2.75 2.30 3.30 
6.52 3.75 2.50 4.00 
7.00 4.00 2.80 6.00 

8.00 4.60 3.10 half-space 

INTERPRETATION 

The source of the Tori Shima earthquake must (1) produce 
long-period seismic radiation similar to that of a CLVD and 
(2) uplift the ocean floor enough to generate the tsunamis. 
With this in mind we interpret the CLVD source in terms of 
sudden injection of fluid in sediments. The Tori Shima 

earthquake is located near the Smith depression which is one 
of the nascent back arc basins just behind the Bonin ridge 
(Figure 1) [Honza and Tarnaki, 1985]. These basins are 
filled with thick sediments, and numerous young volcanoes 
are found near this site. In this tectonic environment, as the 
pressure in a shallow magma body increases, rapid injection 
may occur into the overlying and surrounding soft 
sediments. 

In our solution Mxx, Myy, and Mzz dominate. Since 
Mzz>0, and Mxx=Myy<O, our solution corresponds to 
horizontal injection (Figure 8). We consider an injection 
source of volume A V in a horizontal layer. In this case, 
Mxx=,•AV, Myy=,•AV and Mzz=(;t+2kt)AV. Here kt is the 
rigidity, and Z is the Lame's constant. This can be 

decomposed into a CLVD source with Mxx=-21.tAV/3, Myy=- 
21.tAV/3 and Mzz=4ktAV/3, and an isotropic source with 
Mxx=Myy=Mzz =[;t+(2/3)kt]AV. If the magma comes from 
some deeper reservoir, the isotropic component can be 
cancelled by removal of magma from the reservoir, and only 
the CLVD part contributes to seismic radiation. To estimate 
the total volume of injection, we take the solution obtained 
from the 204 s spectra (Table 1), and use Mzz=4X10 24 dyn 
cm, and Mxx=Myy=-2x10 24 dyn cm. All other components 
are negligible. Then the volume change AV is given by 

AV=3Mzz/4# ß (4) 

The estimate of A V then depends on the choice of 
Since injection is most likely to occur within the soft 
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Fig. 7. Inversion of long-period P and $H waves using Barker and Langston'• [1982] method. Synthetic waveforms are 
shown below the observed waveforms. The solid and dashed curves in the mechanism diagrams indicate the moment tensor 
and the best double-couple solutions, respectively. 
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Fig. 8. Schematic diagram of magma injection in sediments (left). The two figures on the right show injection of magma into 
water-filled sediments and subsequent explosion when the magma-water mixture is heated. 

sediments, a representative value of rigidity near the source 
is probably relatively small, of the order of 5x101 0 
dyn/cm 2. However, the structures we used for modelling 
seismic waves have a rigidity of 0.7x1011 to 2.7x101 1 
dyn/cm 2 at the source depth. As Heaton and Heaton [1989] 
pointed out, to estimate the displacement from the moment, 
it is more appropriate to use the rigidity of the model used 
for determination of the moment tensor. Hence we use an 

average value, p= 1.7x101 1 dyn/cm 2 and obtain 
AV=l.8x1013 cm 3 (0.018 km3). Satake and Kanamori [1991] 
estimated the volume of the displaced water to be 4x1013 
cm 3 from tsunami data. The factor of 2 difference is not 
unreasonable in view of the uncertainties in the depth of the 
source and the structure of sediments near the source. Abe 

[1973] estimated the volume of displaced water at the source 
of several large earthquakes. For the 1964 Niigata 
earthquake (Mw=7.4), for example, his estimate is 5 km 3. 
Considering the smaller tsunami magnitude of the Tori 
Shima event, the difference in the source geometry, and the 
difference in the path effect demonstrated by Satake and 
Kanamori [1991], the volume change estimated above seems 
reasonable. Although no direct estimate of the source 
dimension is available, Satake and Kanamori [1991] suggest 
a dimension of 10 to 20 km. 

The time scale of the seismic event, 10 to 40 s, may seem 
too short for injection to occur over a distance of 10 km. 
Shaw's [1980] calculations on laminar magma injection in 
dikes suggest that basaltic magma (viscosity=100 p) can 
travel 10 km in 10 s in a 1-m-wide conduit under a pressure 
difference of 1000 bars over 10 km. However, at such a 

'high speed, the flow becomes turbulent, and the laminar flow 
model is not valid (the Reynolds number is about 1000 
times larger than the critical value for laminar flow), and the 
flow speed will be decreased considerably. 

Spence and Turcotte [1985] derived self-similar solutions 
for two-dimensional propagation of a liquid-filled crack. 
They obtain, with a reasonable choice of physical 
parameters for basaltic magma, an injection speed of about 
0.5 m/s which is about 100 times too small to excite 
seismic events. 

These results seem to indicate that the time constant of 10 

to 40 s is too short for magma injection to occur. A more 
likely process of injection involves magma-water interaction 
and may occur as illustrated in Figure 8. When a large 
mount of magma is injected in water-filled sediments, the 
volume of water increases because of heating. We assume 
that this process occurs in a closed system. At a pressure of 
300 bars, the specific volume of water increases 

approximately 30 times as the temperature increases from 0 
to 1000 ø C (Figure 9). Since this pressure-temperature point 
is above the critical point of water, the water is a 
supercritical fluid. Since heating of a large volume of water 
cannot occur very fast, this expansion takes place gradually, 
building up the pressure in the sediment. Eventually the 
pressure exceeds the strength of the sediment, and sudden 
injection of supercritical water (and magma) can occur in the 
sediments, in a manner similar to hydrofracturing. This 
process can be rapid enough to cause seismic radiation. In 
this case, however, a net volume change is likely to occur, 
and a source different from a pure CLVD may be more 
appropriate. For example, the second CMT inversion (Table 
1) suggests a vertical dipole, which can be decomposed into 
an isotropic expansion source and a CLYD as follows: 

o o o 

• o o -- 0 • 

• M• 13 o 

o + -M•z 13 0 

M,,13) [, 0 0 

Using the value for M zz listed in Table 1, we obtain 
AV=l.Sx1013 cm 3, the same as above. 

ioo 

50 

,o 

i 
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Equation of state of water [Kennedy and Holser, 1966] 
(Modified from Anderson and Whitcomb [ 1973]). 
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The volume of magma AVrn is roughly given by AVrn 

=(PH C /p C )/iV where p and p are the density of H B B ' B water and basalt respectively • and C are the specific ' ' H B 
heat of water and basalt, respectively, and /iV is the 

injection volume. Since C ./CB=4, and pH/PB =1/30 to 
1/90 for pressures of 5t60 to 200 bars, /iVrn is 
approximately 1/10 of /iV. Since /iV is estimated to be 
0.018 km 3,/iVrn is about 0.0018 km 3. 

ALTERNATIVE SOURCES 

In view of the indeterminacy of the isotropic component 
we consider the following alternatives. 

Eruption 

The equivalent force system we obtained could be 
interpreted as an eruption. If an eruption occurred under deep 
sea (e.g., deeper than 1000 m), the confining pressure is so 
large (larger than 100 bars) that the style of eruption could 
be very different from that of normal eruptions on land. 
Because of the large pressure, the eruption would probably 
look like a horizontal injection. Although no obvious 
evidence (e.g., change in water color, etc.) for underwater 
eruptions was observed for this event (A. Kubotera, personal 
communication, 1985), a deep water eruption could have 
escaped notice by surface observations. 

Isotropic Explosion 

If the source is an embedded explosion, it can be 
represented by an isotropic source (e.g., k=2). However, 
substitution of numerical values of the excitation functions 

into (3) reveals that V R changes sign from the CLVD case, 
which is inconsistent with the observation. 

Collapse 

A large scale collapse of the seafloor can be represented 
by a vertical single force. However, for a collapse, the first 
motion in the far field should be down which contradicts the 

data and rules out a large-scale collapse. 

Multiple Event 

A CLVD source can be decomposed in two double couples. 
It is therefore possible that two earthquakes occurred almost 
simultaneously in such a way that Love waves from the two 
events interfered destructively. However, a total scalar 
moment of the order of 5x1024 dyn cm is far too small to 
excite the observed large tsunamis. 

CONCLUSION 

The disparity between the tsunami magnitude and 
earthquake magnitude strongly suggests that the 1984 Tori 
Shima event is not an ordinary earthquake. Long-period 
seismic radiation is also anomalous. Love waves are almost 

absent, and Rayleigh waves are radiated with equal amplitude 
and phase in all directions. A simple double-couple model 
cannot explain these observations. With the assumption of 
no net volume change at the source, these data can be best 
explained by a compensated linear vector dipole (CLVD). 

Centroid moment tensor inversion of long-period body 
waves and surface waves yields an almost identical solution. 
This CLVD source can be interpreted as a horizontal fluid 
injection. 

This event is located near the Smith depression (Figure 1) 
which is one of the nascent back arc basins just behind the 
Bonin arc. The basins are filled with thick sediments, and 

numerous young volcanoes are found near this site. In this 
tectonic environment, magmatic injection is most likely to 
occur. However, the time scale of the seismic event seems 
too short for magma injection to occur. A more likely 
mechanism involves water-magma interaction. The injection 
may be viewed as hydrofracturing driven by supercritical 
water heated by injected magma. The estimated volume of 
injected water is about 0.018 km 3 and that of basaltic 
magma is about 10% of this. This type of deformation at a 
shallow depth is more efficient for tsunami generation than 
faulting with the same scalar moment. 
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