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Abstract. Results of detailed mechanism 
studies of great earthquakes are used togeth
er with their repeat times to determine the 
amount of seismic slip along various subduc
tion zones. Comparison of the seismic slip 
with the rate of plate motion suggests that, 
in Chile, and possibly Alaska, the seismic 
slip rate is comparable to the rate of plate 
motion while, in the Kuriles and Northern 
Japan, the seismic slip constitutes only a 
very small portion, approximately 1/4, of 
the total slip. In the Sanriku region, and 
to the south of it, the relative amount of 
seismic slip is even smaller. These results 
suggest that in Chile and Alaska the coupling 
and interaction between the oceanic and con
tinental lithosphere are very strong, re
sulting in great earthquakes with a very 
large rupture zone, and in break-off of the 
undergoing lithosphere at shallow depths. 
In the Kuriles and Northern Japan, the oce
anic and continental lithosphere are largely 
decoupled, so that the slip becomes largely 
aseismic, and the rupture length of earth
quakes reduced. The reduced interaction at 
the inter-plate boundary may allow the oce
anic lithosphere to subduct more easily and 
to form a continuous Benioff zone extending 
to depths. It may also facilitate ridge 
subduction beneath island arcs, which may 
play an important role in the formation of 
marginal seas such as the Japan Sea. The 
decoupling is also evidenced by silent or 
tsunami earthquakes [e.g., the 1896 Sanriku 
earthquake], great intra-plate normal-fault 
earthquakes [e.g., the 1933 Sanriku earth
quake], and crustal deformation. A natural 
extension of this concept of inter-plate 
decoupling is the spontaneous sinking of the 
oceanic lithosphere with a consequent re
treating subduction. Retreating subduction 
may be an important mechanism in the forma-
t ion of marginal seas such as the Philippine 
Sea, and explains the complete lack of major 
shallow earthquake activity along some sub
duction zones such as the Izu-Bonin-Mariana 
arc. 

Introduction 

In the theory of plate tectonics, litho
spheric subduction is one of the major tec
tonic processes related to the formation and 
evolution of island arcs. The deep and in
termediate earthquake zones along island arcs 
delineate the geometry of the subducting 
lithosphere, and major shallow earthquake 
activity along island arcs is a manifestation 
of the mechanical interaction between the 
subducting and the overriding lithospheres. 
The geometrical agreement of focal mechanisms 
of earthquakes along the Circum-Pacific belt 
led McKenzie and Parker [1967] to the con
cept of rigid plates dividing the earth's 
surface. Isacks and Molnar [1969] used the 
geometry of the compression and tension axes 
of deep and intermediate earthquakes to in
fer the stress distribution in the descending 
lithosphere. Stauder [1968] found tensional 
mechanisms for earthquakes along the trench 
axis in the Aleutians and interpreted them 
as fractures due to bending of the oceanic 
lithosphere. Besides these geometrical ar
guments, studies of physical processes as
sociated with large earthquakes provided 
important information concerning the dynamics 
of plate subduction [Plafker, 1972; Kanamori, 
197lb; Abe, 1972]. Kanamori [197lb] proposed 
a model of gradual thinning and weakening of 
the ocean-continent lithospheric boundary to 
account for the differences in the maximum 
dimension of rupture zones among different 
island arcs. It was suggested that such 
differences in the coupling between the oce
anic and continental lithospheres may control 
various tectonic processes at island arcs. 
The argument was based on detailed studies 
of great earthquakes through analysis of 
long-period surface waves (periods of 200 
to 300 sec). Such long-period waves repre
sent the overall crustal deformation at 
plate boundaries more directly than conven
tional short-period seismic waves. Kelleher 
et al. [1974] found a good correlation be
tween the maximum dimension of rupture zones 
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of great earthquakes and the width of the 
area of lithospheric contact at various sub
duction zones. This paper extends the pre
vious paper [Kanamori, 197lb] by including 
more recent data from great earthquakes. 
Inclusion of these recent data strengthens 
the conclusions of the previous paper. It 
is almost certain that the degree of mechan
ical coupling (or decoupling) between the 
oceanic and continental lithospheres varies 
among different island arcs; along some sub
duction zones the coupling is very strong, 
so that the plate motion is almost entirely 
taken up by seismic slip. It is relatively 
weak elsewhere and the seismic slip repre
sents only a very minor part of the plate 
motion. Along some subduction zones, the 
boundary is entirely decoupled and the plate 
motion seems to take place aseismically. It 
is proposed that such coupling and decoupling 
of plates may play an essential role in the 
evolution of island arcs and marginal seas. 

Summary of Characteristics of Great Earth
quakes along the Circum Pacific Belt 

Figure 1 shows the rupture zones and the 
mechanisms of major earthquakes for which 
detailed studies were made by using long
period surface waves. Rupture zones of other 
major earthquakes have been mapped by Fedotov 
[1965], Mogi [1968a, b], Sykes [1971], and 
Kelleher et al. [1973]. Except for the 1933 
Sanriku earthquake and the 1970 Peruvian 
earthquake, the mechanisms of these earth
quakes suggest low-angle thrust faulting, 
which is consistent with the plate motion 
along the Circum Pacific belt. The 1933 
Sanriku earthquake is an exceptionally large 
normal-fault earthquake which occurred be
neath the axis of the Japan Trench [Kanamori, 
197la]. It is interpreted as a lithospheric 
normal-fault which cuts through the entire 
thickness of the lithosphere. The 1970 Pe
ruvian earthquake is another normal-fault 
event [Abe, 1972] within the oceanic litho
sphere. These two events are therefore 
intra-plate earthquakes and do not represent 
slip between the oceanic and continental 
lithospheres. 

Two other important features in Figure 1 
are (1) a remarkable regional variation of 
rupture lengths of great earthquakes despite 
their nearly identical earthquake magnitude, 
and (2) a nearly complete lack of large shal
low activity along the Izu-Bonin-Mariana arc, 
despite its typical island arc features such 
as a deep trench, volcanic activity and a 
Benioff zone. Regarding (1), it is now wide
ly known [e.g., Kanamori and Anderson, 1975] 
that earthquake magnitude Ms is not a mean
ingful parameter for very large earthquakes. 
The seismic moment Mo which represents the 
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Figure 1. Mechanisms and rupture zones of large 
earthquakes along the Circum Pacific belt for 
which detailed studies of long-period waves have 
been made. Mechanism diagrams show the stereo
graphic projection of the lower hemisphere. Dark 
and white quadrants indicate compression and dila
tation respectively. References are: 1923 Kanto 
[Kanarnori, 197lc]; 1933 Sanriku [Kanamori, 197la]; 
1944 Tonankai [Kanamori, 1972a]; 1946 Nankaido 
[Kanarnori, 1972a]; 1952 Kamchatka [Kanamori, 1976); 
1960 Chile [Kanamori and Cipar, 1974]; 1963 Kurile 
Is. [Kanamori, 1970a]; 1964 Alaska [Kanamori, 
1970b]; 1965 Rat Is. [Wu and Kanamori, 1973); 1966 
Peru [Abe, 1972]; 1968 Tokachi-Oki [Kanamori, 
197ld];--:i:"969 Kurile Is. [Abe, 1973); 1970 Peru 
[Abe, 1972); 1973 Nemuro-Oki [Shimazaki, 1975a]; 
1974 Peru [unpublished]. 

overall amount of displacement at the source 
is a more adequate parameter for the present 
discussion. Great earthquakes in Chile, 
Alaska, the Aleutians, and Kamchatka have 
very large rupture lengths and very large M0 
ranging from 1029 to 1030 dyne-cm, while 
earthquakes in Peru and Japan have small rup
ture lengths and Mo, about 1028 dyne-cm. 
Kanamori [197lb] and Kelleher et al. [1974] 
argued that this remarkable difference in the 
characteristics of great earthquakes reflects 
regional differences in the contact zone be
tween the oceanic and continental lithospheres. 
As regards (2), two mechanisms are possible. 
First, as a result of weakening and decoupling 
at the interface, the subduction has become 
nearly completely aseismic. In this case, 
the subduction is still taking place but with
out any major seismic activity. The second 
mechanism involves a buoyant oceanic litho
sphere [Vogt, 1973; Kelleher and McCann, 1976); 
part of the oceanic lithosphere is less dense 



than elsewhere and is not capable of subduct
ing under the opposing lithosphere, and little 
or no subduction is now taking place. This 
mechanism is attractive in that it explains 
the arcuate feature of island arcs, some of 
the characteristic distr:Loutions of large 
earthquakes and volcanoes along island arcs 
and the regional variations in the shape of 
the Benioff zone [Kelleher and Mccann, 1976]. 
However, these geometrical arguments alone 
are not enough to fully evaluate these pos
sibilities. It is hoped that recent progress 
in long-period seismology will provide more 
direct clues to the understanding of these 
problems. 

Seismic and Aseismic Slip 

Among various subduction zones, histori
cal earthquake data is most complete for 
southwest Japan. It is well known that 
along the Nankai trough in southwest Japan 
(Figure 2), large earthquakes have occurred 
very regularly in time (about once every 125 
years) and space [Imamura, 1928; Ando, 1975a]. 
This regularity in time and space may justify 
the use of relatively recent data in esti
mating the seismic slip rate along various 
other subduction zones. 

For Chile, along the rupture zone of the 
1960 great Chilean earthquake, historic 
records suggest a repeat time of the order 
of a century [Lomnitz, 1970, Kelleher, et al., 
1973]; large earthquakes occurred in 1970, 
1837, 1737, and 1575. If we assume that these 
earthquakes involved a slip which is compar
able, on the ave~age, to that of the 1960 
event (about 20 to 25 m), we can estimate the 
seismic slip rate. The amount of slip associ
ated with the 1960 event is estimated on the 
basis of geodetic data [Plafker, 1972] and 
long-period surface-wave data [Kanarnori and 
Cipar, 1974]. Dividing the seismic slip in 
each event by the repeat time gives the seis
mic slip rate. Figure 3a compares the seismic 
slip rate thus determined and the rate of 
relative plate motion between the South Amer
ican plate and the Nazca plate, which is es
timated to be about 11 cm/year [Morgan et al., 
1969; Minster et al., 1974]. An uncertainty 
of ± 30% is attached to the estimate of the 
seismic slip. Although the plate slip rate 
seems to be slightly smaller than the seismic 
slip, this discrepancy is not significant in 
view of the large uncertainty in the magni
tude of historical events. To the first 
order of approximation, we may conclude that 
the seismic slip rate is about the same order 
of magnitude as the rate of the plate motion. 

For Alaska, there are no hist9rical earth
quake data from which we can estimate the 
repeat time. Plafker [1972] suggests on the 
basis of geomorphological data a repeat time 
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Figure 2. Index map (left) and historical seis
micity along the Nankai trough, southwest Japan 
(Box III in the index map). Major earthquakes 
occurred in 1498, 1605, 1707, 1854, and 1944 to 
1946 along this plate boundary. The last three 
sequences are shown in the upper right figure 
[after Ando, 1975a]. Arrows indicate the direc
tion and the rate of seismic slip and the plate 
motion. 

of 900 to 1350 years. There was a sequence 
of large earthquakes around the turn of the 
century near the rupture zone of the 1964 
Alaskan earthquake [Sykes, 1971], but it is 
not very clear whether they occurred on the 
same fault as the 1964 event or not. If 
they indeed occurred on the same fault, the 
repeat time may be as short as 60 years, but 
Plafker's argument does not support it. 
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Figure 3. Seismic slip, repeat time of major 
earthquakes and the rate of plate motion for 
Chile and Alaska. Hatching indicates the range 
of seismic slip and the repeat time. ~ 

Along the Aleutian islands, the seismic 
activity is very high, and there seems to 
be two major seismic sequences during the 
past 60 years or so [Sykes, 1971; Ander~on, 
1974], one around the turn of the century 
and the other between 1957 and 1965. In 
view of this very high activity, a repeat 
time of about 1000 years seems somewhat too 
long. Figure 3b compares the seismic slip 
and the plate motion for Alaska. Plafker's 
[1972] repeat time of 930 to 1350 years is 
used. With this repeat time, the slip rate 
of the plate motion, 6 cm/year [LePichon, 
1968; Minster et al., 1974] is several times 
larger than the seismic slip. However, if 
the repeat time is 60 years, the seismic slip 
becomes too large. If the repeat time is 
about 200 years or so, the seismic slip and 
the plate motion become comparable. In view 
of the fairly high seismic activity along 
the Aleutians, a repeat time of 200 years or 
so does not seem unreasonable, but the lack 
of reliable historical data does not permit 
more detailed discussion. 

For the region from the Kurile Islands to 
Hokkaido, Japan, the historical data are more 
complete (Box I in Figure 2). As shown in 
Figure 4, during the 21 years from 1952 to 
1973, six large earthquakes (Ms > 7.5) oc
curred along the arc, filling the entire 
seismic belt. Except for the 1958 event, 
detailed mechanism studies have been made 
for these events (for reference, see caption 
for Figure 1). These studies indicate that 
each of these earthquakes represents a slip 
of 2 to 3 m on a low angle thrust fault dip
ping 10 to 20 degrees NW (Figure 4). The 
slip direction agrees approximately with that 
of the Pacific plate with respect to the Eur
asian plate. Thus, it is suggested that the 
Pacific plate subducted during the last 21 
year period by 2 to 3 m along this plate 
boundary. Historical seismicity in this area 
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shows that there was another sequence of ma
jor earthquakes along this zone from 1843 to 
1918, as shown in Figure 4, indicating a re
peat time of approximately 100 years [Utsu, 
1972; Usami, 1966]. The seismic slip rate 
is therefore estimated to be 2.5 m/100 years 
= 2.5 cm/year, which is only 1/4 of the rate 
of the plate motion in this region, 9 cm/year 
[Minster et al., 1974]. Thus we may conclude 
that approximately 3/4 of the total slip must 
be taken up by aseismic slip, if the plate 
motion is uniform on this time scale. Inde
pendent evidence for such aseismic slip is 
found in the crustal deformation in Hokkaido. 
Figure 5 shows the subsidence in a coastal 
area of Hokkaido during the period from 1900 
to 1955. Shimazaki [1974a] interpreted this 
subsidence to be the result of the drag 
caused by the underthrusting oceanic litho
sphere. Shimazaki found that this subsi
dence can be explained if the continental 
lithosphere beneath Hokkaido is dragged at a 
rate of 2.7 cm/year. Since the rate of plate 
motion is 9 cm/year, this result suggests that 
about 3/4 of the slip takes place without 
causing crustal deformation, the interface 
being largely decoupled mechanically. Al
though the estimate of the seismic slip ahd 
the amount of the drag may be subject to some 
error, it is almost certain that a large part 
of the plate motion is taking place aseismic
ally in the Kurile-Hokkaido region. 

Farther to the south, in the Sanriku re
gion (Box II in Figure 2), the evidence is 
more striking. In this region, two major 
earthquakes occurred in recent years, in 1896 
(many large aftershocks occurred for several 
years following this event) and 1933 (Figure 
6). Before 1896, only three major earth
quakes are known to have occurred, in 1677, 
1611, and 869 [Usami, 1966]. Although the 
historical data may not be very complete, it 
is clear that there is not a continuous zone 
of frequent thrust earthquake activity be
tween the trench and the coast in this re
gion (see Figure 6). As mentioned earlier, 
the 1933 event is a normal fault event with-
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Figure 4. Seismicity, seismic slip and the plate 
motion in the Kurile Is.-Hokkaido region (Box I 
in Figure 2). Arrows indicate the direction and 
the rate of seismic slip and the plate motion. 
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Figure 5. Vertical crustal deformation in Hok
kaido, Japan, during the period 1900 to 1955 
(unit:cm). Shimazaki's [1974a] model is sche
matically shown in the inset. Dotted curve shows 
the deformation due to the drag of the undergoing 
oceanic lithosphere. 

in the oceanic lithosphere, which does not 
represent slip on the inter-plate boundary. 
The location of the 1896 Sanriku earthquake 
is not known accurately, but macro-seismic 
data and some instrumental data strongly sug
gest that this is a tsunami earthquake, or, 
in more general terms, a silent earthquake 
[Kanamori, 1972b]. A tsunami earthquake 
refers to an earthquake which generates very 
extensive tsunamis but relatively weak seis
mic waves, indicating that a very slow source 
process is involved. The 1896 event gener
ated one of the most disastrous tsunamis in 
Japanese history while its earthquake magni
tude is only 7 to 7 1/2. It is suspected 
that this earthquake represents a large 
aseismic event. It is interesting to note 
that tsunami earthquakes occasionally occur 
in the Hokkaido-Kurile region too, although 
they are not as striking as the 1896 Sanriku 
earthquake. Shimazaki [1975b] found a very 
low stress drop earthquake (therefore of 
aseismic character) which occurred in 1968 
within the fault zone of the major 1969 
Kurile Island earthquake (Figure 4), thereby 
contributing significantly to the overall 
plate motion along the Kurile arc. Another 
striking example is shown in Figure 7. On 
June 10, 1975, a Ms= 7.0 (mb = 5.8) earth
quake occurred within the rupture zone of the 
1969 Kurile Island earthquake. This earth
quake was followed by an aftershock on June 
13, 1975, which occurred essentially at the 
same location as the main shock. Figure 7 
compares the seismograms of the main shock 

and the aftershock recorded by short-period, 
intermediate period, and ultra-long period 
seismographs at Pasadena. On the short
period records, the aftershock is slightly 
larger than the main shock, but on the ultra
long period records, the main shock shows a 
very clear long-period phase while the after
shock has no energy in this frequency range. 
Similar results were found at Japanese sta
tions [Suzuki and Sugimoto, 1975; Nagamune 
and Chiurei, 1976; Tsujiura, 1975] and WWSSN 
stations [Shimazaki, personal communication, 
1976]. The long-period excitation of the 
main shock was anomalously large for an earth
quake of this magnitude (fib~ 5.8). This 
earthquake generated a tsunami as high as 90 
cm along the Japanese coast which is very 
anomalous for a mb ~ 5.8 event. This event 
may be considered as a tsunami earthquake 
which reflects a weakened coupling between 
the oceanic and continental lithosphere there. 

To the south of the Sanriku region, a 
series of moderate-size (Ms ~·7.1 to 7.7) 
earthquakes (Shioya-Oki earthquakes) occurred 
in 1938 (see Figure 6). A recent detailed 
study by Abe [1976] showed that this sequence 
consists of three thrust and two normal-fault 
earthquakes having a total seismic moment of 
about 2 X 102 8 dyne-cm. However, historical 
data suggest that there was no major earth
quake in this region at least for the past 
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Figure 6. Sanriku earthquakes of 1896 and 1933 
and Shioya-Oki earthquakes of 1938 [Abe, 1976] 
(Box II in Figure 2). Historical earthquakes 
larger than Ms > 8.0 between 36°N and 40°N are 
also included. 
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Figure 7. Seismograms of a tsunami earthquake 
recorded at Pasadena. The main shock on June 10, 
1975 (tsunami earthquake) and one of the after
shocks on June 13, 1975 (regular earthquake) are 
compared at three different periods. Note that 
the amplitude ratio of the main shock to the after
shock becomes progressively larger as the period 
increases. 

800 years. Abe [1976] concluded that the 
seismic slip rate there is about 0.4 cm/year 
suggesting that the plate motion is largely 
aseismic. This finding is very consistent 
with the above model of plate decoupling. 

Along the Izu-Bonin-Mariana arc, there is 
no evidence for great earthquakes at shallow 
depths during this century [Gutenberg and 
Richter, 1954]. This lack of shallow activ
ity, together with the foregoing arguments 
may lead one to the conclusion that the 
plate motion there is entirely aseismic. 
However, one difficulty arises. The Izu
Bonin-Mariana arc constitutes a boundary 
between the Pacific plate and the Philippine 
Sea plate. The Philippine Sea plate is sub
ducting underneath southwest Japan along the 
Nankai Trough and the Ryukyu arc (Figure 2). 
The rate of the plate motion between the 
Pacific and the Eurasia plates has been de
termined to be about 9.2 cm/year [LePichon, 
1968; Minster et al., 1974]. However, nei
ther the slip rate between the Pacific and 
the Philippine Sea plates nor that between 
the Philippine Sea and the Eurasia plates is 
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known independently. It is therefore neces
sary to consider the Nankai trough and the 
Marianas simultaneously. As shown in Figure 
2, historical seismicity in this region shows 
a remarkably regular repeat time of major 
earthquake sequences along the Nankai trough 
[Imamura, 1928; Ando, 1975a]. The last three 
sequences are shown in the figure. The av
erage repeat time is about 120 years. The 
amount of slip for each seismic event is 
about 2 to 5 m [Kanamori, 1972a, Ando, 1975b] 
indicating a seismic slip rate of about 3.5 
cm/year. Since the seismic slip rate along 
the Marianas is practically zero, this value 
represents the total seismic slip rate be
tween the Pacific and the Eurasia plates. 
Since the rate of plate motion is about 9 
cm/year, the difference, 5.5 cm/year, must 
be absorbed either at the Marianas or along 
the Nankai trough as aseismic slip. If we 
include the possible inter-arc spreading 
[Karig, 1971] along the Marianas, the amount 
of aseismic slip would be even larger. Two 
extreme cases are possible: (1) The slip 
along the Nankai trough is largely seismic 
and that along the Marianas is aseismic. 
(2) There is little slip along the Marianas 
and the slip along the Nankai trough consists 
of 3.5 cm/year seismic and 5.5 cm/year or 
more of aseismic slip. There will also be 
cases which lie between these two extreme 
cases. In any event, it is important to note 
that a substantial part of the slip must be 
aseismic, if the plate motion is uniform on 
this time scale. If, as proposed by Kelleher 
and Mccann [1976], the Pacific basin to the 
east of the Marianas is buoyant and the sub
duction along the Marianas has recently ei
ther decelerated or ceased, (2) would be the 
case. However, in view of the evidence for 
gradual decoupling of the plates in the 
Hokkaido and Sanriku regions, it seems 
natural to postulate complete decoupling as 
an important mechanism for the lack of major 
shallow activity along the Marianas. Al
though we prefer case (1) on these grounds, 
it is still possible that the buoyancy of 
the subducting lithosphere is playing an im
portant role in modifying the mode of sub
duction along the Marianas. This point will 
be discussed further in relation to the ori
gin of the Philippine Sea. 

Model of Plate Coupling and Decoupling 

On the basis of the seismological results 
presented in the previous section, a model 
of plate coupling and decoupling is proposed 
in an attempt to understand the fundamental 
physical mechanisms operating in various sub
duction zones. This model is basically the 
same as that proposed by Kanamori [197lb], 
but some refinements and modifications have 



been made on the basis of more recent data. 
The idea is schematically shown in Figure S. 
Figure Sa shows the oceanic lithosphere which 
is underthrusting beneath the continental 
lithosphere and opposed by the latter. Be
cause of its strength, the oceanic litho
sphere is unlikely to bend very sharply and 
low-angle (10° to 20°) thrusting occurs. 
The stress in the oceanic lithosphere is com
pressive. We consider that this stage cor
responds to the Chilean and possibly the 
Alaska type structure (if the repeat time is 
much shorter than the geomorphological evi
dence suggests). At this stage, the width 
of the contact zone is very large and the 
coupling is very strong, so that when slip
page occurs it results in a major earthquake 
such as the 1960 Chilean earthquake, involv
ing an extensive crustal deformation and 
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Figure S. Schematic model of inter-plate coupling 
and decoupling, sinking and retreating subduction. 
a. Strong coupling between the oceanic and conti
nental lithospheres results in great earthquakes 
and break off of the subducting lithosphere at 
shallow depths. b. Partial decoupling results 
in smaller earthquakes and continuous subduction. 
c. Further decoupling results in aseismic events 
and intra-plate tensional events. d. Sinking 
plate results in retreating subduction and forma
tion of a new thin lithosphere. e. Episodic re
treat and formation of ridges. f. Decelerated 
retreat and commencement of new subduction. 

rupture zone. The lack of deep earthquakes 
below 200 km in these regions may indicate 
an absence of the downgoing plate at these 
depths. It is possible that where the inter
plate coupling and interaction are very 
strong, the downgoing oceanic lithosphere 
itself is substantially fractured and tends 
to break off, at relatively shallow depths, 
into pieces which sink into the mantle. 

As the underthrusting proceeds further, 
both the strength and width of the interface 
decrease because of various effects of the 
plate interaction such as extensive fracturing, 
formation of gouge, water injection, and pos
sible partial melting (Figure Sb). This 
stage corresponds to the Kurile to Hokkaido 
region where the reduced coupling results in 
smaller rupture zones of earthquakes, large 
aseismic slip, and occasional occurrence of 
silent or tsunami earthquakes. The stress 
in the oceanic lithosphere is still compres
sive. Because of the reduced interaction at 
the inter-plate boundary, the oceanic plate 
can subduct smoothly, without breaking off 
into pieces, to form a well defined contin
uous deep seismic zone. Thus a continuous 
Beniof f zone may be an indication of par
tially or completely decoupled lithospheric 
plates. 

Subduction of a ridge, which is often con
sidered to be a major tectonic event [e.g., 
Wilson, 1973; Uyeda and Miyashiro, 1974], may 
take place more easily under these conditions. 
When the interface is further weakened, the 
continental and the oceanic lithospheres are 
nearly completely decoupled so that no major 
thrust earthquake can occur along the inter
face (Figure Sc). Because of the reduced 
coupling, the tensional force caused by the 
gravitational pull of the denser downgoing 
lithosphere may be transmitted to the oceanic 
lithosphere and may cause a large intra-plate 
normal-fault earthquake. We consider that 
this stage corresponds to the Sanriku region. 
The 1S96 tsunami earthquake and the 1933 
lithospheric normal-fault earthquake reflect, 
respectively, the decoupling of the interface 
and the intra-plate tensional fracture [Kana
mori, 1972b]. At this stage the stress with
in the oceanic lithosphere is largely ten
sional. The above process is in general con
sistent with the model proposed by Kelleher 
[1974], who showed that the width of the con
tact zone controls the maximum length of the 
rupture zones of great earthquakes in vari
ous island arcs. 

After the plates are decoupled, several 
modes of deformation of the underthrusting 
lithosphere are possible. First, a complete 
detachment may take place in the form as 
suggested by Kanamori [197lb]. Second, the 
oceanic plate, having lost the mechanical 
support of the opposing continental litho-
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sphere, may start sinking from the leading 
edge. Third, the above process may occur by 
discontinuous shear faulting, as suggested 
by Lliboutry [1969]. The overall pattern of 
the deformation may be similar between the 
second and third cases. In any event, once 
the plates are decoupled, there is no reason 
for them to be in contact. Although there 
is no seismological evidence that favors any 
particular one of these possibilities, the 
second or third one seems to explain more 
naturally the transition from the Sanriku 
type structure to the Izu-Bonin-Mariana type 
structure. In this case, the subduction zone 
retreats in the direction opposite to the 
direction of the plate motion as the leading 
edge sinks and falls off (Figure Sd). A 
counter flow may fill the opening between the 
continental lithosphere and the retreating 
subduction zone. This counter flow may take 
place in the form of episodic interarc spread
ing, with upwelling material eventually form
ing a thin lithosphere between the continen
tal lithosphere and the retreating subduction 
zone (Figure Se). Such a thin lithosphere 
has been found for the Philippine Sea by 
surface-wave studies [Kanamori and Abe, 196S; 
Seekins and Teng, 1976]. As this newly cre
ated lithosphere cools and becomes rigid, a 
new episode of subduction may commence at the 
boundary between this new lithosphere and the 
continental lithosphere (Figure Sf). The sub
duction along the Nankai trough, which is be
lieved to have commenced very recently (1 to 4 
m years ago) [Fitch and Scholz, 1971; Kana
mori, 1972a], may correspond to this type. 
Once the relatively rigid lithosphere is 
formed, the coupling between this lithosphere 
and the oceanic lithosphere may be restored. 
Retreating subduction may be an important 
element in the formation of the Philippine 
Sea, and will be discussed more fully in the 
next section. 

The above model is very consistent with 
the topographic and gravity highs seaward of 
trenches [Walcott, 1970; Hanks, 1971; Watts 
and Talwani, 1974]. A recent extensive study 
of Watts and Talwani [1974] is particularly 
intriguing in this context. Figure 9 shows 
some of the representative profiles perpen
dicular to the Aleutians, Kuriles, Bonin and 
Marianas. The topographic high and the grav
ity high are most conspicuous for the Aleu
tians and the Kuriles, but are not very ob
vious for the southern Bonin and Marianas. 
Watts and Talwani [1974] explained these 
features in terms of a flexural bending of 
the oceanic lithosphere due to compression 
and vertical loading at the trench. They 
found that a large compressive stress is re
quired to explain the topographic and gravity 
highs for the Aleutians and Kuriles, but for 
the southern Bonin and Marianas, they can be 
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Figure 9. Topography and gravity anomaly along 
representative cross sections in the Pacific shown 
in the top figure. Solid curves show the observed 
profiles. Dashed curves are the profiles computed 
for a model with only vertical loading at the 
trench. Dotted curves are the profiles computed 
for a model with vertical loading and compression. 
The length of the arrows indicates the magnitude 
of the compressive stress [after Watts and Talwani, 
1975]. 

explained without horizontal compressive 
stress; only vertical loading is necessary. 
Although the details may vary according to 
the assumptions, their results are qualita
tively very consistent with the present model 
in which compressional coupling gradually 
weakens from the Aleutians to the Kuriles, 
and farther south to the Bonin-Marianas, where 
the plates are decoupled. 



Retreating Subduction and the Philippine Sea 

The Philippine Sea is a marginal sea be
tween the Bonin-Mariana arc and the Ryukyu 
arc both of which are dipping westward (Fig
ure 2). Several models have been proposed 
for the origin of the Philippine Sea [e.g. 
Karig, 1971; Uyeda and Ben-Avraham, 1972; 
Uyeda and Miyashiro, 1974]. Here we show 
how the concept of retreating subduction can 
be employed as one of the fundamental physi
cal mechanisms of formation of island arcs 
and marginal seas. We take Uyeda and Ben
Avraham' s [1972] model shown in Figure 10. 
Uyeda and Ben-Avraham [1972] postulated that 
the Kula-Pacific ridge subducted beneath 
Japan sometime in the late Cretaceous about 
100 m years ago. As the Pacific plate changed 
its direction of motion from a NNW to a WNW 
direction, about 40 m years ago, subduction 
started along a transform fault which connec
ted the Kula-Pacific ridge with the Philip
pine ridge (Figure 10). Subsequent interarc 
spreading as suggested by Karig (1971] along 
this subduction zone formed the present day 
Philippine Sea. It is assumed in this model 
that the direction of motion of the Kula plate 
did not change when the Pacific plate changed 
its direction of motion to allow subduction 
of the Pacific plate beneath the Kula plate. 
This assumption seems somewhat ad hoc. In
troduction of a retreating subduction zone 
may of fer an alternative model which is shown 
in Figure 11. Before 40 m years ago, both 
the Pacific and the Kula plates were sub
ducting beneath the Kurile-Japan-Ryukyu arc. 
We assume that the plate decoupling began 
from the southwest end. Then a retreat of 
the subduction zone began and proceeded as 
shown in Figure llb to form the Philippine 

Figure 10. Schematic sketch of possible history 
of the Philippine Sea [after Uyeda and Ben-Avraham, 
1972]. a. Kula-Pacific ridge descended beneath 
Japan 80 to 90 m.y. ago. b. About 40 m.y. ago, 
the direction of motion of the Pacific plate 
changed. The.Kula plate did not change its direc
tion of motion and subduction started along the 
transform fault. 

Sea. The upwelling counter flow took place 
in the form of inter-arc spreading, filled 
the opening, and cooled to form the Philip
pine Sea plate (Figure llc). When a reason
ably rigid lithosphere was formed, a new epi
sode of underthrusting began along the Nankai 
trough and the Ryukyu trench. The retreat 
and the upwelling may have been episodic re
sulting in various NW-SE trending features in 
the western Philippine Sea and N-S trending 
features in the eastern Philippine Sea. 

Although the change in the direction of 
the Pacific plate is not essential in this 
model, it may be related to the formation of 
the Kyushu-Palau ridge (Figure 2) which marks 
the boundary between the Western and Eastern 
Philippine Sea. When the direction of motion 
of the Pacific plate changed from NNW to WNW, 
the component of the velocity perpendicular 
to the subduction zone must have increased. 
Since the rate of retreat is determined by a 
balance between the rate of fall-off of the 
plate at its leading edge and the plate motion 
perpendicular to the subduction zone, a sudden 
increase in the plate velocity may have re
sulted in a substantial difference in the na
ture of the marginal sea formed by this pro
cess. An increase in the velocity of plate 
motion would also result in an increase of 
the dip of the Benioff zone. The nearly ver
tical Beniof f zone in the southern end of the 
Marianas [Katsumata and Sykes, 1969] may have 
been caused by either an increase in the eff ec
tive plate velocity, a decrease in the fall
off rate or both. 

Discussion and Conclusions 

Although an attempt is made in the previ
ous section to explain some of the details 
of the geological features of the Philippine 
Sea, the emphasis of the present paper is on 
the fundamental physical mechanisms operating 
in the formation of geological features. In 
constructing a model for a specific area, it 
would be necessary to arrange these funda
mental mechanisms in appropriate temporal 
and spatial order. We emphasize that infer
ences from detailed studies of great earth
quakes strongly suggest that inter-plate 
coupling and decoupling play a fundamental 
role in the formation and evolution of island 
arcs. Strong inter-plate coupling results in 
great earthquakes and disrupted Benioff zones. 
Partial and complete decoupling results in 
aseismic slip, continuous Benioff zones, grav
itational sinking of the subducting litho
sphere and finally, retreating subduction 
zones. Retreating subduction would imply a 
more disruptive process for formation of mar
ginal seas than for ordinary ocean basins 
which are formed by spreading from a linear 
oceanic ridge. This difference may explain 
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Figure 11. Schematic figure of possible history 
of the Philippine Sea. a. Before 80 to 90 m.y. 
ago. b. Before 40 m.y. ago. Retreat started 
and the Pacific plate changed its direction. c. 
Further retreat and formation of the eastern 
Philippine Sea. d. New subduction along the 
Nankai trough and Ryukyu arc and the present day 
Marianas. 

the less distinct linear features in magnetic 
stripes and heat flow distribution in most 
marginal seas and the disparity in the water 
depth versus age relation [Sclater et al., 
1976]. 

Although we believe that the inter-plate 
coupling and decoupling are the major factors 
that affect the mode of subduction and evolu
tion of island arcs, aseismic ridges and 
buoyant lithospheres suggested by Vogt [1973] 
and Kelleher and Mccann [1976] may still play 
an important role in modifying the mode of 
subduction. For example, if the lithosphere 
to the east of the Marianas is indeed buoyant, 
as suggested by Kelleher and Mccann [1976], 
it may have prevented further fall-off of the 
lithosphere along the Marianas thereby termi
nating the retreat of the subduction. 
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