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 Abstract  : Numerical experiments for evaluation of the stress and displacement  fields 
within the northeastern Japan island arc were performed by using  three-dimensional finite 

element method. We study mainly the accumulation process of the stress within the arc 

by imposing boundary conditions as realistically as possible upon the plate-interaction 

models. Since this arc has very different structures in its southern and northern parts, 

calculations were separately made for these two parts. They roughly correspond to the 

Kanto and Tohoku districts, respectively. 

   The patterns of calculated vertical displacement fields at the earth's surface are 

generally similar to the observed ones in the models of both parts. As to the stress, in the 
southern part, it is large not only in the shallower portion of the thrust zone between the 
subducting and overriding plates, but also in the deeper portion where two subducting slabs 

collide beneath the land area. In the northern part, stress in the land area is nearly 

horizontally compressive and its axis is approximately in east-west. Furthermore, stres-

ses in the upper crust increase with time more rapidly than those in the lower crust. The 

distribution pattern of large earthquakes off the Tohoku district can be interpreted by 

considering a spatial variation in the seismic-coupling between the subducting Pacific plate 
and overriding land side plate.

1. Introduction 

   Since the late 1960's, considerable progress has been made in the earth science with 

an innovative concept of the plate tectonics. A lot of geophysical and geodetic phenom-

ena, such as earthquakes, crustal movement and so on, can be successfully interpreted 

with this concept in a general sense. In particular, in the case of the Japan island arc, 

many geophysical and geodetic phenomena have been considered in relation to the 

interactions among the continental plate(s) on which the Japan island arc exists and the 

oceanic plates, i.e., the Pacific and Philippine-Sea plates. 

   The Japan island arc is usually considered to be separable into five  subarcs, namely, 

the Kurile, northeastern Japan, southwestern Japan, Ryukyu and Izu-Bonin island  arcs 

(e.g.  Uyeda and Sugimura, 1970). In the present study, only the northeastern Japan 
island arc is concerned with. Furthermore, we separate this arc into the southern and 

northern parts, which roughly correspond to the Kanto and Tohoku districts, respective-

ly. As for the southern part, it is generally accepted that two oceanic plates, the Pacific



 58 KACHISHIGE SATO

and Philippine-Sea plates, are underthrusting beneath the continental plate. Thus the 

underground structure beneath this region is rather complicated. On the other hand, the 

underground structure of the northern part is relatively simple. It is considered to be 

typical arc-trench  system  : only the Pacific plate is subducting under the continental 

plate. However, very recently, a new idea appeared that the easternmost part of the 
crust beneath the Japan Sea may be slightly underthrusting (e.g. Kobayashi,  1983 

 Nakamura, 1983). Anyway, the southern and northern parts of this arc are thus very 

different from each other in their structures. This is the reason why the parts are 

treated separately in this study. 

   As mentioned already, earthquake activities and crustal movement in these regions 

are considered to be the results of interactions among the plates. Therefore, it is not 

only very interesting but also very important from the viewpoint of earthquake predic-

tion to evaluate numerically the stress and displacement fields caused by interactions 

among the plates and to interpret them by tectonics in these regions. Thus the purpose 

of the present study is to elucidate the tectonics in the northeastern Japan island arc and 

to give a certain basic suggestion for earthquale prediction. 

2. Characteristics of Seismicity and Crustal Movement in the Northeastern Japan 

   Island Arc 

   Intensive works which have been made so far in geodesy and geophysics have 

revealed some characteristics of seismicity and crustal movement in the northeastern 

Japan island arc. Herein, these characteristics are briefly summarized. 
   First, we look into the southern part. In this part, three plates meet  together  : two
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 Fig, 1 East-West cross-section of  hypocentral distribution of microearthquakes 

   within a zone of 20 km in width centered upon a latitude line of  36°N. Interpret-

   ed configuration of the Pacific and Philippine-Sea plates is also shown (Ohtake 

   and Kasahara, 1983).
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oceanic plates, namely, the Pacific and Philippine-Sea plates, and one continental plate, 

the Eurasian plate (or the North-American plate). Thus it is frequently referred to as 

a region of triple junction. 

   Seismic activities in this region is considered as the results of interactions among 

these three plates (e.g. Maki  et al.,  1980  ; Shimazaki  et al.,  1982  ; Ohtake and Takahashi, 

1982 ; Kasahara, 1985). According to the model presented by Kasahara (1985), the two 

oceanic plates are colliding with each other beneath the Kanto district, and major seismic 

activity is seen along the boundary of these oceanic plates. Ohtake and Kasahara (1983) 

investigated the seismicity in and around the Ibaraki prefecture. They showed an east-

west cross section of hypocenter distribution of microearthquakes as presented in Fig. 1. 

In the figure, interpreted configuration of the Pacific and Philippine-Sea plates is also 

illustrated. It is clearly seen that so many earthquakes occur in and around the portion 

where two oceanic plates are colliding with each other. This pattern of seismicity is one 

of the most striking characteristics in this part. 

   On the other hand, in regard to the vertical crustal movement in this part, a 

subsidence in the northern portion of the Kanto plain is remarkable as shown in Fig. 2 

(Dambara, 1971). This subsidence is called the Kanto basin building (e.g. Naruse, 1968). 
   Secondly, we inquire into the northern part. An epicenter distribution of shallow 

microearthquakes is presented in Fig. 3.  (Hasegawa  et al., 1985). As clearly seen in the

VERTICAL MOVEMENT IN JAPAN 

DURING THE RECENT 70 YEARS 

       UNIT  : mm/year

 20( 
 .2

 0

 30N

Fig. 2 Equal velocity contours of the vertical land movement within the Japan arc 
   from 1895 to 1965 (Dambara, 1971).
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Fig. 3 Epicentral distribution of microearthquakes shallower than 60 km with a 

   magnitude greater than 2 occurring in the period from January, 1982 to December, 

   1983 (Hasegawa el al., 1985).

figure, most of shallow microearthquakes occur beneath the Pacific ocean between the 

Japan trench and the coastal line. The western margin of this belt-shaped zone where 
seismic activity is high is usually called the aseismic front (Yoshii, 1975). In the land 

area, a relatively high seismicity is notable along the so-called volcanic front which runs 

through the Honshu from north to south passing near the center of it. These shallow 

microearthquakes in the land area are confined to the upper crust as shown in Fig. 4 

(Takagi et  al., 1977). A shallow seismic activity is also distinguished in the Japan Sea 
side of the Honshu. 

   On the other hand, one of the most important and interesting features of deep seismic 

activity beneath this part is its clear double-planed distribution pattern as shown in Fig. 

5 (Umino and Hasegawa,  1975  ; Hasegawa et  al.,  1978  ; Takagi, 1985). Furthermore, 

focal mechanisms of these earthquakes are systematically different among those in the 

upper and lower seismic planes, i.e., down-dip compression type for the upper seismic 

plane and down-dip extension type for the lower one. 
   Next, we look into the pattern of large earthquake activities.  Fig.  6 shows the 

aftershock area distribution for earthquakes with a magnitude greater than 7 occurring 

since 1926 in and around the northeastern Japan island arc (Hasegawa et  al., 1985). 

Large interplate earthquakes have frequently occurred beneath the Pacific ocean 

between the Japan trench and the Pacific coast similarly to the microearthquakes.
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 Fig.  4 Focal depth distribution of  microearthquakes projected onto the vertical 

   cross-section along the Kesen'numa-Oga profile, and the crust and uppermantle 

   structures derived from explosion seismic observations by the Research Group for 

   Explosion Seismology (1977) (Takagi  et al., 1977).

However, the distribution patterns of these large earthquakes are clearly different 

among those in the northern and southern areas bordered by a latitude line of about  38'N. 

In the northern area, large earthquakes occurred relatively near the trench axis, that is, 

far away from the coast. On the contrary, in the southern area, those are confined 

relatively near the coast. This is the most distinguishable fact with respect to the 

pattern of large earthquake activities in these areas. In addition to large earthquakes 
in the Pacific ocean side, a few large ones have occurred beneath the Japan Sea not so 

far away from the coast. Recently, a new hypothesis was proposed that there may be 

a nascent plate boundary at the easternmost portion of the Japan Sea basin (Kobayashi, 

 1983  Nakamura, 1983). Some of large events in the Japan Sea side may be related with 

this plate boundary (e.g. Mogi, 1985a, b). 

   As to the crustal movement in this part, Ishii et  al. (1981) and Miura (1982) minutely 

investigated it. Fig. 7 shows the pattern of vertical movement given by Miura (1982). 

Among many characteristics, it is most striking that the Pacific ocean side of the Tohoku 

district subsides remarkably whereas the northern portion of the Japan Sea side slightly 

uplifts. Miura (1982) also noticed the existence of nodal points, or nodal line connecting 

them, in the vertical movement where no displacement occurs.



62 KACHISHIGE SATO

Fig.

 sow,

 00,..1

ocrn

 2  OW

 77.  I.

 .0

Al?

      :60 
        t'• 

    • 

              " 

   • • i;

 33 
 0 
 i 

     

• • • 
      rr 

 ce4 14`) 
 co  a 

%  co'

 crn

 SOnn

 

1  DOrtil

 

I  SCrti

200,11

MY,   rum 
 so.i.  Ifil.r  II  111  8  •IS 

 5 Focal depth distribution of microearthquakes in the region from  39°N to  401\1 

projected onto a vertical cross-section in the E-W direction. Double-planed 
distribution pattern of deep quakes is obvious. 'TA',  `AF' and  'VF' denote the 
Japan trench axis, the aseismic and volcanic fronts, respectively (Takagi, 1985).

3. Method of Numerical Experiments 

   Three-dimensional finite element method for visco-elastic analysis were employed 

to calculate stress and displacement fields. There are a number of investigations 

adopting this method for such purpose (e.g. Jungels and Frazier,  1973  ; Bischke, 1974  ; 

Shimazaki,  1974  ; Kosloff,  1977  ; Bird,  1978  ; Kato,  1979  ; Seno ,  1979  ; Sato,  1980  ; 
Minamino and Fujii, 1981 ; Hashimoto, 1984,  1985  ; Goto et al., 1985). In the finite 

element method, complex boundary shapes and internal variations of material properties 

of continua are very easy to treat. The accuracy of solution with this method is 

generally satisfactory. This method, therefore, seems to be suitable to simulate the 

problems where heterogeneities and complex geometry are quite common. 
   General formulation of the finite element method is described in a number of 

excellent textbooks (e.g. Zienkiewicz,  1977  ; Togawa, 1979, 1981). As to the method of 

visco-elastic analysis, we adopted the one where supplementary parameters are used 

(Horii and Kawahara, 1970). In this method, a visco-elastic constitutive relation for a 
certain rheological model is expressed by using supplementary parameters which are to 

be eliminated. Time derivatives of strain are replaced by first difference approxima-

tions with assumption of constant strain rates in short periods. Thus giving the initial 

stress and strain, those at a time after a short period can be calculated . In the present 
study, the three-element model (standard linear solid) is adopted as a rheological model 

to represent the visco-elastic behavior of the earth (e.g. Kasahara, 1975). Complicated
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Fig. 6 Aftershock area distribution for events with magnitude greater than 7 occur-

   ring since 1926. Contour lines are those for iso-depth of the upper seismic plane 

   (Hasegawa et  al., 1983).

rheological models are also easy to treat with this method. The accuracy of solution is 

generally satisfactory, if the time increment is taken to be short enough. In fact, the 
error of solution does not exceed 3% in test calculations by using simple models where 

the time increments are taken to be about one-tenth of the time constants of the models. 

4. Finite Element Modeling of the Northeastern Japan Island Arc 

4.1 Southern Part 

4.1.1 Geometry and Material Properties 

   Many authors have so far presented the geometrical models of the two subducting 

oceanic plates beneath this part, i.e., the Pacific and Philippine-Sea plates (e.g. Aoki, 

 1974  ; Maki,  1984  ; Noguchi,  1985  ; Kasahara,  1985  ; Ishida, 1986). These models are 

constructed based mainly upon the focal distributions of microearthquakes. They are 

consistent with one another in the gross. Hence we adopt the models given by Kasahara
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 Fig.  7 Vertical movement in the Tohoku district from 1956 to 1980. Solid and 

   dotted lines, respectively, denote uplift and subsidence. Contour intervals are 2 

   cm (Miura, 1982).

(1985) in the present study. 
 Fig.  8 shows the iso-depth contours of the upper surfaces of the Pacific and 

Philippine-Sea plates given by Kasahara (1985). A three-dimensional model, which 

takes account of the geometry of these oceanic plates is constructed by using the iso-

depth contours. We model a cubic region whose dimensions are 450 km in both of east-

West and north-south directions and 400 km in depth. We neglect here both the  curva-

ture and topography of the earth's surface for simplicity. The origin of the coordinates
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 Fig. 8 Iso-depth contours of the upper surfaces of the Pacific and Philippine-Sea 

    plates (in km) given by Kasahara (1985). The region is divided into slices by the 
     segments from  B-B' to 0-0' as shown in this figure for the finite element 

     modeling.

0' 

C' 

B' 

A'

is set at the point  (34°N, 138'E) on the earth's surface. A bird's-eye view of the model 

is shown in Fig. 9. 

   We divide the whole region into a number of hexahedral isoparametric finite 

elements, each of which has eight nodes on its apexes. First we slice the region along 

east-west direction with the segments (from B-B' to 0-0') as shown in  Fig.  8. The 

width of each slice is between 10 km and 60 km and it becomes narrower toward the 

central portion of the model. Next the profile of each vertical cross-section is drawn by 

using the iso-depth contours of the oceanic plates. The thicknesses of the Pacific and 

Philippine-Sea plates are assumed to be 60 km and 40 km, respectively. These thick-

nesses are almost the same as those derived by previous works (e.g. Kanamori and Press, 

 1970  ; Abe and Kanamori, 1970). The leading edge of the Philippine-Sea plate, however,
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Fig. 9

 A3B3-

 of 
 11)

 34°N

 400  km

A bird's-eye view showing the configuration of the southern part  model.

is assumed to become gradually thinner toward its tip. Each of these cross-sections 

thus determined is divided into quadrilaterals. As an example, we show in Fig. 10(a) the 

cross-section along the segment E-E' divided into quadrilateral meshes. Hexahedral 

finite elements can be made by connecting the quadrilaterals on adjacent cross-sections 

one by one. Thus a three-dimensional finite element model is constructed for the whole 

region shown in Fig. 9. The numbers of nodes and elements are 3648 and 3030,  respec-

tively, in this model. 

   We divide here the entire region into nine sub-regions according to their material 

properties as shown in  Fig.  10(b). The physical parameters of the sub-regions are 
summarized in Table 1. We determined the parameters on the bases of those given by 

Sato et al. (1981) and Hashimoto (1984, 1985). The asthenosphere is assumed to be

(a) 

 E 

 LAND 

pl  4  LA

 NODE=3648 

 ELEM,3030 54000
 (b) 

 E 

 LAND 
 LJ  L_J

 Fig. 10 The vertical cross-section along the segment E-E' in  Fig.  8 divided into 
   quadribateral meshes (a) and sub-regions of different material properties (b).
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Table 1. Material properties of the sub-regions in 
     the southern part model. E, v and  77,  respec-

     tively, mean the Young's modulus (in  N/m2), 
    the Poisson's ratio and viscosity (in N  • sec/ 

 m2=10 poise).

 No. E  (x10")  ( x  10')

1 

2 

3 

4 

5 

6 

7 

8 

9

1.03 

1.03 

1.81 

1.75 

 1.03 

1.81 

1.75 

1.77 

1.77

0.247 

0.258 

0.245 

0.250 

0.258 

0.245 

0.250 

0.273 

0.273

elastic 

elastic 

elastic 

elastic 

elastic 

elastic 

elastic 

 400 

 400

visco-elastic with a viscosity of  4  x102' N  •  sec/m2  (4  x  102' poise). As mentioned 

previously, we adopt the three-element model (standard linear solid) as the rheological 
model to represent the visco-elastic behavior of the asthenosphere, since this model can 

interpret the crustal movement following the 1973 Nemuro-Oki Earthquake (Kasahara, 

1975). 

4.1.2 Boundary Conditions 

   We impose boundary conditions so that they can express as realistically as possible 

the plate-interactions, employing the plate motion models given by Seno (1977) and 

Minster and Jordan (1978, 1979). According to their models, the Pacific plate moves in 

a direction of about  N70°W with a velocity of about 10 cm/yr, while the Philippine-Sea 

plate moves in a direction of about  N55°W with a velocity of about 5 cm/yr. However, 
the net effects of these plates by dragging upon the overridng plate are assumed to be 

reduced to one-third by the existence of boundary layer between the plates. Such a 

reduction is suggested by Shimazaki (1974) and is also expected from the studies on the 

seismic-coupling between the subducting and overriding plates (e.g. Abe,  1977  ; 

 Kanamori,  1977  ; Takemoto and Kawasaki,  1983  ; Kawasaki and Matsuda, 1987). 

Taking account of this reduction, we impose prescribed velocities upon the oceanic plates 

so that they express the motions caused by the slab-pull and ridge-push forces (Forsyth 

and Uyeda, 1975). 

   The earth's surface is treated as a free surface. All the nodes on model boundaries 

upon which no prescribed velocity is given are permitted only to slide on each boundary 

 surface. 

   Since we consider only the deviatoric stresses, the gravitational force is not taken 

into account.
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4.2 Northern Part 

 4.2.1 Geometry and Material Properties 

   Some authors have drawn the iso-depth contours of the deep seismic plane associat-

ed with the subduction of the Pacific plate beneath the northeastern Japan island arc (e.g. 

Hasegawa et al., 1983). Here those given by Hasegawa et  al. (1983) are adopted to 

make a geometrical model of the subducting Pacific plate (Fig. 11). We assume that the 

 iso-depth contours of the upper seismic plane coincide with those of the upper surface of 

the Pacific plate. 

   According to Minster and Jordan (1978), the motion of the Pacific plate relative to 

the Eurasian plate has a direction of about  N70°W in the vicinity of the northeastern 

Japan island arc. Since one of the boundary conditions should be imposed on in order 
to represent the relative motion of the Pacific plate, it is convenient to adopt a coordinate 

system where one of the coordinate axes coincides with this direction of relative plate 

motion. 

   Taking account of these points, we made three-dimensional model. The origin of

 138 E  140  142  14  146

 200 150

 300  km 

 N. 250

— upper seismic  plane 

 —  lower seismic  plane 

 •  active  volcano

Fig.  11 Iso-depth contours of the upper (solid lines) and lower (dotted lines) seismic 

   planes in the northeastern Japan island arc (Hasegawa et  al., 1983).
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Fig. 12 A  bird's-eye view showing the configuration of the northern part model (a) 

   and its plane view (b).  `A.F.' means the aseismic front regarded in the present 
   study (for detail see the text as well as Fig. 15). Solid curves are the iso-depth 

   contours considered here of the upper surface of the Pacific plate.

the coordinate system is set at the point  (38.5°N ,  134.5°E) on the earth's surface, and the 
dimensions of the model are 800 km x 480 km in horizontal directions and 200 km in 

depth. Both the curvature and topography of the earth's surface are neglected as in the 

case of the southern part. Bird's-eye and plane views of the model are shown in Figs . 
12(a) and (b), respectively. 

   In the case of the northern part model, our interests lie mainly in the stress and 

displacement fields within the crust and the upper mantle above the subducting Pacific
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Fig. 13 Plane view of the northern part model divided into slices by segments from 

   B-B' to M-M' (a) and its typical vertical cross-section along the segment I-I' (b).

plate, i.e., those within the overriding plate. Hence finite element model is constructed 
for the region above the interface between the subducting Pacific plate and overriding 

plate. The region is divided into hexahedral finite elements just as in the case of the 
southern part model. First we slice the whole region as shown in Fig. 13(a). Detailed 

cross-sectional view along the segment  I-I', for example, is illustrated in Fig. 13(b). The 

numbers of nodes and elements are 2954 and 2379, respectively, in this model.

778km

 5
 6

Fig. 14 The vertical cross-section along the segment I-I' divided into subregions of 

   different material properties.
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Table 2. 

    the 

     and

Material properties of the sub-regions 

northern part model. Meanings of E, 

 77 are the same as in Table 1.

 in 

 V

 No. E  (x10")  V  77  (x10")

1 

2 

3 

4 

5 

6

0.808 

1.21 

1.77 

1.07 

 1.50 

1.83

0.226 

0.258 

0.273 

 0.258 

0.273 

0.245

elastic 

  0.01 

100 

  0.01 

 1 

 10

   We divide the entire region into six sub-regions according to their material prop-

erties (Fig. 14). The physical parameters of the sub-regions are summarized in Table 2. 
We determined these parameters referring to the papers by Sato et  al. (1981) and 

Hashimoto (1984, 1985). 

 4.2.2 Boundary Conditions 

   We give boundary conditions upon the surface representing the interface between
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Fig. 15 The same as Fig. 3, but showing the aseismic front (solid line indicated by  
`A.F.') regarded in the present study which is modified slightly from that of  Yoshii 

   (1975) (base map  : Hasegawa et  al., 1985).
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the subducting Pacific plate and overriding plate so that they express the interaction 

between these plates as realistically as possible. It is considered that the overriding 

plate is dragged downward by the subducting Pacific plate, because these two plates are 

partially coupled with each other on the interface from the Japan trench to some depth. 
In order to represent such dragged motion, prescribed displacements are imposed to the 

nodes on the interface shallower than a certain depth. These two plates are seemed to 

be coupled with each other from the trench axis to the depth just beneath the aseismic 

front (Sato,  1980  ; Miura, 1982). Hence we impose the prescribed displacements upon 

the nodes on the interface shallower than this depth. A horizontal projection of a line 

connecting the points of this depth adopted here is shown in Fig. 15 as the thick line 

indicated by  'AF' (aseismic front). The line is approximately coincides with the western 

margin of the active region in shallow seismicity. The horizontal projections of the 

prescribed displacements coincide with that of the motion of the Pacific plate relative to 
the Eurasian plate, that is, an  N70°W direction. The prescribed displacements have only 

tangential components, so that they are parallel to the surface of the plate boundary. 

   With regard to the magnitudes of the prescribed displacements, two cases are 

considered, namely uniform-and variable-magnitude displacements. In the case of 

uniform-magnitude displacements, we uniformly impose upon all nodes the displace-

ments increasing by 3 cm in every year. This rate is determined in the same way as the 

southern part model by considering the velocity of the Pacific plate and the strength of 

the seismic-coupling between the land side plate and this plate on their interface. As 

described previously, the strength of this seismic-coupling (hereafter we will refer to this 

as the seismic-coupling factor) around the Japan island arc is considered about 0.3 (e.g. 

Abe,  1977  ; Kanamori,  1977  ; Takemoto and Kawasaki,  1983  ; Kawasaki and Matsuda, 

1987). This means that the displacements of the overriding plates at the plate interfaces 

which are caused by dragging by the subducting plates are about 30% of those associated 

with the plate motions themselves. Since the rate of the relative motion between the 

Pacific and Eurasian plates is about 10 cm/yr (Minster and Jordan, 1978), we give the 

displacement rates of 3 cm/yr. Hereafter we will refer to this as the constant-coupling 

case. 

   In above case, the seismic-coupling factor is regarded as constant over the entire 

region of the coupled surface. It is, however, natural to consider some variability in this 

factor with depth along the interface. Furthermore, it may vary regionally because, as 

shown in Fig. 6, the distribution patterns of large earthquakes off the Pacific coast are 

obviously different between those in the northern and southern areas bordered by a 

latitude line of about  38°N. In the strong coupling region, large earthquakes tend to 

occur frequently, whereas in the weak coupling region, they would not occur. Thus we 

consider other cases where the prescribed displacements have different magnitudes 

according to the variation in the seismic-coupling factor. We consider two functions 

representing the variations of this factor as shown in Figs. 16(a) and (b). In these figures, 

normalized seismic-coupling factors (CF) are illustrated, which are defined as the ratio of 

the factor to its mean value, i.e., 30% In the case of Fig. 16(a) (we will refer to this case
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Fig. 16 Magnitude-distance relations for the normalized seismic coupling factor used 
   in the case-(a) (a) and case-(b) (b), respectively. 'Tr.' and  `A.F.' in the uppermost 

   illustration mean the Japan trench axis and the aseismic front, respectively.

as case-(a)), the normalized seismic-coupling factor is represented by 

 CF=  0.42.exp(  —3.1.  //L)+0.78, (1) 

whereas, in the case of Fig. 16(b) (we will refer to this case as case-(b)), it is represented 

by 

 CF=0.42.exp{3.1.(//L-1  )}+0.78, (2) 

where L and 1, respectively, mean the distances along the interface from the trench axis
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to the position just beneath the aseismic front and to a point between them. In these 

cases,  CF varies from about 0.8 to 1.2. In other words, the seismic-coupling factor 

changes from about 24% to 36%. In practice, the magnitude of the prescribed displace-

ment rate given to each node is represented by the product  3.0  x CF cm/yr. The larger 

the seismiccoupling factor is, of course, the stronger the coupling is. Therefore, in the 

case-(a), the coupling is strongest near the trench axis and becomes weaker with the 

distance from the trench axis or with the depth. On the contrary, in the case-(b), it is 

weakest near the trench axis and becomes stronger with the distance from the trench 

axis or with the depth. It is considered that the case-(a) and case-(b), respectively, 

correspond to the cases in the northern and southern areas bordered by a latitude line of 

about  38°N. We impose upon the nodes such prescribed displacements as those in the 

case-(a) and case-(b). Furthermore, we consider another case by combining the case-(a) 

and case-(b), where the seismic-coupling factor for the case-(a) and case-(b), respetively, 

applied to the northern and southern areas. This case will be referred to as case-(c). 

   In each case, the earth's surface and the remaining part of the plate interface 

between the Pacific plate and overriding plate are treated as free surfaces. All nodes on 

other model boundaries are constrained only to slide on each boundary surface. 

   The gravitational force is not taken into account in this model due to the same 

reason as in the case of the southern part model. 

5. Results of Numerical Experiments and Their Tectonic Interpretations 

   Numerical computations of the stress and displacement fields in the northeastern 

Japan island arc were made with the models described in the preceeding section. The 

time increment between successive time steps in visco-elastic analysis was taken to be 

20 years throughout these computations. The stress and displacement fields were 

calculated for four time steps, which span 60 years.

5.1 Results and Their Tectonic Interpretations for the Southern Part 

5.1.1 Displacement Field 

   Horizontal displacement vectors and iso-magnitude contours of vertical displace-

ment on the earth's surface at 60 years are illustrated in Figs. 17(a) and (b), respectively. 

   It is clearly seen in Fig. 17(a) that the pattern of the horizontal displacements on the 

surface is much affected by the motions of both the Pacific and Philippine-Sea plates, 

although the directions of the displacements are slightly different from each other in the 

eastern and western portions. The directions of the horizontal displacements in the 

eastern portion are almost coincident with the direction of the motion of the Pacific 

plate, that is, west or northwest direction. On the other hand, those in the western 

portion are almost the same as that of the Philippine-Sea plate, that is, north or 
northwest direction. The magnitudes of the displacements become smaller and smaller 

as they come toward west or northwest. 

   As to the vertical displacement shown in Fig. 17(b), it is most remarkable that the 

northern portion of the Kanto plain is subsiding. The magnitude of this subsidence
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Fig. 17 Horizontal displacement vectors (a) and iso-magnitude contours of vertical 
   displacement (b) on the earth's surface at the time of 60 years obtained for the 

   southern part  model. Thin curves denote the iso-depth contours of the upper 
   surfaces of the Pacific and Philippine-Sea plates.
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                 in Fig. 8. Profiles for every 20 years are shown.

reaches 60 cm or more in 60 years. This means a subsidence rate of 1 cm/yr or more. 

The center of the subsiding portion is located at the place just north of the leading edge 

of the subducting Philippine-Sea plate. 

   Profiles of the vertical displacements are shown in Fig. 18, for example, along the 

cross-sections  E-E', G-G', I-I' and K-K' with were indicated in Fig. 8.  In this figure, the 

subsidence in the central portion of each crosssection is remarkable. The subsidence 

like this is also notable in the pattern of observed vertical movement which was 

presented in Fig. 2 (Dambara, 1971). The rate of the observed subsidence is about 2  mm/ 

yr, which is only one-fifth of that of the calculated subsidence. Although this  discrep-
ancy in the subsiding rate between observation and calculation may be large (on this 

point we will discuss later), the patterns of observed and calculated vertical movements 
remarkably resemble each other. 

   We may be able to educe the cause of the observed subsidence by considering what 

the main origin of the calculated subsidence in numerical experiment is. The center of 

the subsiding portion in the calculated vertical displacement field is, as already 

mentioned, just  at the north of the leading edge of the subducting Philippine-Sea plate 

and is very close to this edge. Thus it is quite reasonable to regard that the subsidence 

is caused mainly by the subduction of this oceanic plate. Kasahara (1985) also pointed 

out that the subsidence, which is commonly known as the Kanto basin building (e.g. 

Naruse, 1968), is possibly caused by the subduction of the  Philippine-Sea plate whose 

leading portion beneath the subsiding region is continuously stripped off by the Pacific 

plate. Thus the predominant pattern of the vertical displacement field in the southern
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 Fig.  19 Displacement vectors at 60 years on the vertical cross-sections along 

   segments E-E', G-G', I-I' and K-K' in Fig. 8. Configuration of the Pacific 

   Philippine-Sea plates is also shown.

the 

and

part of the northeastern Japan island arc is considered to be caused by subduction of the 
Philippine-Sea plate. 

   Next the displacement vectors in the cross-sections, for example, E-E', G-G', I-I' 

and K-K' are illustrated in Fig. 19 for the time step of 60 years. The displacements 

caused by subduction of the Pacific plate are predominant in all cross-sections. The 

trends of displacement vectors are, however, slightly different from each other among 

the regions beneath and above the Pacific plate. Those in the region beneath this plate 

are almost parallel to the motion of the plate, whereas those in the region above the plate 

are somewhat downward. The difference in the trends of displacement vectors is, 

however, possibly an artificial one to some extent originated from boundary conditions. 

5.1.2 Stress Field 

   Three-dimensional expressions of stresses in the crust and in the portion just along 

the plate interface between the Pacific plate and overriding plate, respectively, are shown 

in Figs. 20(a) and (b) as projections on the earth's surface. In these figures, size of each 

circle is in proportion to the magnitude of maximum shear stress and the shaded and
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 Fig.  20 Three-dimensional stresses in the crust (a) and along the plate boundary 
   between the Pacific plate and overriding plate (b) at the time of 60 years. 

   Stresses are the lower hemisphere projections, and the sizes of circles are in 
   proportion to the maximum shear stresses. Shaded parts are tensile, which 

   correspond to those of compressional first  motion. Open parts are compres-
   sional. The letters 'P' in the open parts mean the compressional axes.
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open portions in each circle, respectively, represent tensional and compressional quad-

rants projected on the lower hemisphere. The letters  `P' in the open portions denote the 

compressional axes. 

   Regarding the stress distribution in the crust, several regions where the stresses are 

large should be noted. Those are the regions near the Suruga trough, in and around the 

so-called triple junction located off the Boso peninsula, and far offshore the Ibaraki 

prefecture. In these regions, downdip compressional fields of stress are revealed. In 
the northern portion of the Kanto plain, where a remarkable subsidence appears, the 

stresses are also relatively large. The stresses in the northern half of the analyzed 

region are almost homogeneous both in magnitudes of the maximum shear stresses and 

in orientations of principal axes. The stress field in land is horizontally compressional 

in general, so that reverse type faulting tends to occur. The directions of compressional 

axes are nearly consistent with those summarized by Tsukahara and Ikeda (1983) except

Qp
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 Fig.  21 Stresses at 60 years projected onto the front hemispheres in the vertical 
   cross-sections along the segments E-E', G-G',  I-I' and K-K' in Fig. 8. Notations 

   are the same as in Fig. 20. Configuration of the Pacific and Philippine-Sea plates 
   is also shown.
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for those in and around the Izu peninsula. 

   Next, in the stress distribution along the interface of the Pacific plate, the stresses 

in and around the zone where the slabs of two oceanic plates meet together are predomi-

nantly large. The stresses in the portion near the leading edge of the Philippine-Sea 

plate are especially large. The compressional axes of the stresses in this portion are 
nearly perpendicular to the surface of the Pacific plate except those in the southern 

region. 

 Cross-sectional distributions of stresses are shown in Fig. 21 for the segments, for 

example, along E-E', G-G', I-I' and K-K' shown in Fig. 8. In these figures, the quadrants 

of tension and compression are projected, in this time, on the front hemisphere. The 

same expressions will be used hereafter for illustrating the cross-sectional distributions 

of stresses. In these cross-sectional views, the stresses in and around the portions where 

the slabs of the Pacific and Philippine-Sea plates are colliding each other are also found 

to be large and to have compressional axes almost perpendicular to the surface of the 

interface between these two slabs. Such orientation of the compressional axis of stress 

is consistent to a considerable extent with the source mechanisms of earthquakes 

occurring in this region (e.g. Ohtake and Kasahara, 1983).

5.2 Results and Their Tectonic Interpretations for the Northern Part 

5.2.1 Displacement Field 

   First we look into the displacement fields on the earth's surface. Shown in Figs. 

22(a) and (b), respectively, are horizontal displacement vectors and iso-magnitude con-

tours of vertical displacement in the case of the constant seismic-coupling. These are 

the displacements at 60 years. The horizontal displacement vectors are almost parallel 

to one another and have the same direction as that of the motion of the Pacific plate. 

Magnitude of the horizontal displacement decreases with distance from the trench axis. 

The displacement at the portion far off the Japan Sea coast is very small. The 

horizontal displacement in the land area is about 110  cm  : the rate of horizontal displace-

ment is about 1.8 cm/yr. This is of the same order as those obtained by observations 

(Harada and Isawa, 1969). 

   As regards the vertical displacement, the iso-magnitude contours in the land area 

are almost parallel to one another and approximately in the direction from NNE to 

SSW, which is the direction crossing with a slightly oblique angle the iso-depth contours 

of the subducting Pacific plate or the strike of the island arc. General feature of the 

pattern in the vertical displacement field is similar to that obtained by observations (e.g. 
Dambara, 1971 ; Kato,  1979  ; Ishii et  al.,  1981  ; Miura, 1982) and to that obtained by 

previous simulations (e.g. Sato,  1980  ; Miura, 1982). The contour line of zero vertical 
displacement runs fror north to south near the Japan Sea coast. The position of this line 

is, however, somewhat westerly as compared with the one obtained by Miura (1982). 

The difference may arise from the difference in simulation model, that is, those in the dip 

angle of the subducting Pacific plate and/or in the position of the western extremity of 

the coupling interface between the subducting and overriding plates. Eastern and
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Fig. 23 Iso-magnitude contours of vertical displacements on the earth's surface at 
   the time of 60 years obtained for the northern part model in the case-(a) (a) and 

   case-(b) (b), respectively.
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       Fig. 24 The same as  Fig. 18, but for the northern part model in the  constant-coupling 
          case. This profile is along the segment I-I' in Fig. 13(a). 

western sides of the nodal line are subsiding and uplifting, respectively. Most portion 

near the Pacific coast subsides more than 50 cm in 60 years . Thus the subsidence rate 
is about 8 mm/yr, which is a few times larger than the observed one (Dambara, 1971  : see 

Fig. 2). 

   As shown in Figs. 23(a) and (b), patterns of the contour lines in the land area are 

similar to one another, even if the prescribed displacements given to the coupling 

interface are changed as in the case-(a) and case-(b). The position of each contour lines , 
however, varies slightly. The spacing of contour lines becomes wide and narrow, 

respectively, in the case-(a) and case-(b), so that the Pacific coast nearly coincides with 

the contour line of —40 cm in the case-(a) and with that of  —60 cm in the case-(b),

 l•
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Fig. 25 The same as Fig. 19, but for the northern part model in the constant-coupling 

   case. This cross-section is along the segment I-I' in Fig. 13(a).
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respectively. 

    The profiles of the vertical displacements , for evample, along the segment I-I' 
indicated in Fig. 13(a) are shown in Fig. 24. As clearly seen, there is in the land area a 

nodal point where no vertical movement occurs throughout the whole time sequence . 
This is consistent with the results obtained by Sato (1980) and Miura (1982), although its 

position is somewhat different. Observations also suggest existence of such nodes in the 
land area (Miura, 1982). 

    Next we briefly look into the displacement vectors in vertical cross-section . Fig. 25 
shows those at 60 years in the vertical cross-section along the segment I-I' in the 

constant-coupling case. Although the displacement arising from dragging by the  sub-

ducting Pacific slab is predominant, patterns of the vectors are different among those in 

the eastern and western portions of the cross-section. The vectors seem to rotate 

clockwise with respect to a point near the Japan Sea coast on the earth's surface. Such 

general feature of the displacement vectors is found in other cases where the prescribed 
displacements on the coupling interface are uniform. 

5.2.2 Stress Field 

   Here we again show and discuss the stress field in the northern part model mainly 

on the bases of those at the time step of 60 years as in the case of the southern part 

model. 

   The stresses in the upper crust and in the portion just above the interface of the 

subducting Pacific slab are presented in Figs. 26(a) and (b), respectively, for the case of 

the constant seismic-coupling. In the land area, the stresses in the upper crust have 

almost same magnitude, that is, a few bars. They have almost horizontal compression 

axes nearly in east-west direction. Such orientation of the compressional axis is 

manifestation of the compression by the subducting Pacific plate and is consistent with 

the results obtained by observations (e.g. Nakamura and Uyeda, 1980). 

   The stresses in the portion which is about 100 km away to the east from the Pacific 

coast are, however, extremely small. This may be of no significance, being merely due 

to the boundary conditions. But if not so, it should be possible to consider the reason for 

this as  follows  : in this portion, the compressional stress is regarded, in a qualitative 

sense, to be cancelled more or less by the tensional stress arising from bending of the 

overriding plate including the crust itself. Such a zone, where the stresses are extremely 

small, may correspond to the  4aseismic belt' proposed by Yamashina et  al. (1977), 

although its position is somewhat easterly compared with that of this belt. They also 

considered the same reason or the existence of the belt as that regarded here. 

   The stresses at far off shore of the Japan Sea coast are very small. This means that 

the compressional force due to the subduction of the Pacific plate does not transmit 

 efficiently to the back arc region. 

   The stress field along the plate interface is not so systematic as that in the upper 

crust. The stresses Just beneath the coastal line of the Pacific ocean are remarkably 

large at some regions. They are different from those inferred from seismic activities. 

Thus such a stress field as shown in Fig. 26(b) seems not to be actual one.
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 Fig. 27 The same as Fig. 21, but for the northern part model in the constant-coupling 

   case. This  cross-section is along the segment  I-I'in Fig. 13(a).

   As an example of stress distributions in vertical cross-sections, the one in the  cross-

section along the segment I-I' is shown in Fig. 27. It should be noted that the stresses 

are exprssed as the front hemisphere projections. The contrast in magnitudes of 

stresses between those in the upper and lower crusts is strikingly clear. The stresses in 

the upper crust are large, whereas those in the lower crust are very small. Such 

distribution of stresses in the crust is consistent with the seismic activity pattern shown 

in Fig. 4 (Takagi et  al., 1977). The stress distribution along the plate boundary is, 

however, inconsistent with the seismic activity pattern within this portion. 

   To improve the stress distribution along the plate boundary, we carried out calcula-

tions for the case-(a) and case-(b) where the prescribed displacements are not homogene-

ous. The results are presented in  Figs.  28(a) and (b) for the case-(a) and case-(b), 

respectively. 

   In the case-(a), stresses are extremely large in the vicinity of the trench axis which 

corresponds to the shallower portion along the plate boundary. 

   In the case-(b), on the contrary, stresses are relatively large at the western half of 

the region between the trench axis and the Pacific coast. This portion corresponds to 

the deeper part of the plate boundary. The belt like zones lying off the Pacific coast in 

both cases, where the stresses are very small, correspond to the lower crust, where the 

stresses are relaxed enough. Such features of the stress distribution patterns in both 

cases may be more clearly understood when those in vertical cross-sections are displayed 

as shown in Figs. 29(a) and (b). 

   By comparing the obtained stress fields with the distribution pattern of large 

earthquakes shown in Fig. 6 (Hasegawa et  al., 1985), it is readily supposed that the case-
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Fig. 30 The same as Fig. 28, but in the case-(c), where the boundary coditions for the 

   case-(a) and case-(b) are combined.

(a) and case-(b), respectively, correspond to the northern and southern portions of the 
region between the trench axis and the Pacific coast. These portions are bordered by 

latitude line of about  38°N. Thus a further calculation is made for the case-(c), where 

the variations in the magnitudes of the prescribed displacements upon the plate interface 

are combined in the above sense. 

   The stress distribution thus obtained along the plate boundary is shown in Fig. 30. 

Correspondence between the distribution of calculated stresses and that of large  earth-

quakes is regarded to be fairly good. Therefore, it seems reasonable to consider that 

the coupling factor, i.e., a parameter to denote the strength of the seismic-coupling 

between the underthrusting oceanic plate and the overriding land side plate, may vary 

spatially in the northern and southern portions, for example, as those in the case-(a) and 

case-(b), respectively.

6. Discussion

6.1 Precision of Results 

   In order to simulate the crustal movements and states of stresses in and around the 

northeastern Japan island arc, we have calculated the displacement and stress fields by 

using three-dimensional visco-elastic finite element method. For the sake of simplicity, 

we divided the arc into the southern and northern parts and made calculations for each 

part separately.
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   First we should point out some practical problems which we are forced to face in the 

calculations. In the finite element analyses, it is very important to pay much attention 

to the element divisions in order to ensure high precision in calculations. The size and 

shape of each element should be as small and uniform as possible, and consequently, the 

numbers of nodes and elements should be as large as possible. However, we could not 

satisfactorilly do so because of the limited capacity of the current computer. The 

smallest element in our models is about 20 km x 20 km x 20 km in dimensions, which is 

not necessarily sufficient for precise calculations. 

   Irregularities in the sizes and/or shapes of elements possibly affect the precisions of 

the calculated displacement and stress fields. Hence the obtained displacement and 

stress fields should be contaminated to some extent due to such problems related to the 

element divisions. This contamination may amount to about 10 to 20% of the magni-

tude of each displacement or stress in the worst case. 

   Furthermore, the larger the numbers of the nodes and elements are, the longer the 

 cpu time is. This is another restriction to ensure high precision in the visco-elastic 

analyses, because we could not shorten the time increments in  these analyses less than 

20 years. Nevertheless, the results obtained in this study may still preserve some 

characteristic patterns, so that they can contribute to a certain extent to make clear the 

tectonics of the northeastern Japan island arc. 

   Next mentioned are the effects of the so-called fixed-conditions (i.e., the boundary 

conditions that no displacement is allowed in certain directions). Such conditions may 

introduce artificial boundaries into the models. Then the stresses in the vicinity of such 

boundaries tend to be extremely large. Such stresses seem to be far from the actuality. 

Thus we should reduce the effects of the artificial boundaries. One of the possible ways 

for the purpose is to use the  'infinite domain elements' proposed by Beer and Meek (1981). 

Improved modeling by using this kind of elements will be made in the future. 

   Besides such practical difficulties, there are ambiguities in constructing the models 

due to lack of our knowldege on the underground structures and interactions between the 

subducting and overriding plates.

6.2 Underground Structures and Material Properties 

   For the southern part, underground structure and material properties are not well 

established because of its complexity. In our model of this part, not only the overriding 

land side plate but also the descending oceanic slabs of the Pacific and Philippine-Sea 

plates are included. In such a model, it may be better to introduce boundary layers 
between the overriding and subducting plates. The layers are considered to be transi-

tional ones and partially melted, having smaller rigidity and viscosity. 

   We may be able to control the strength of seismic-coupling between two plates by 

changing the rigidities and/or viscosities of these boundary layers. We, however, did 

not introduce such boundary layers because their detailed characteristics are not well 

known in spite of some authors' suggertions on the possible existence of them (e.g. 

Okada,  1979  ; Hurukawa and Hirahara,  1980  ; Hashimoto, 1981).
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    Thus instead of incorporating the boundary layers into the model , we imposed the 
prescribed velocities upon the oceanic slabs whose magnitudes are only one-third of the 

plate velocities themselves. This is approximately equivalent to assign the seismic-
coupling factors equal to 0.3 (i.e., 30%). 

   A large discrepancy between the calculated and observed vertical displacements as 

shown in subsection 5.1.1, however, seems to suggest that the seismic-coupling in this 

region may be much weaker than that indicated by this value. Another explanation for 

the discrepancy is that the overriding and subducting plates may be decoupled with each 

other nearly completely at most portion of the plate interface. Only at a little portion 

they may be partially coupled with each other. Such partially coupled portion is 

considered to correspond to a seismically active region (or the so-called earthquake nest) 

remarkably identified in the Kanto district (e.g. Takemoto and Kawasaki, 1983). 
   It is very important to investigate quantitatively the seismic-coupling between the 

overriding and subducting plates, because it directly affects the displacement and stress 

fields within the overriding plate or in the vicinity of the plate boundary . We should, 

therefore, extend the study on this problem in the future. 

   Material property of  each sub-region is also not well known. In particular , viscos-
ities are most controversial. Several authors have estimated viscosity distribution in 

the earth's mantle based upon the data of postglacial uplifts in the regions such as the 

Fennoscandia and arctic Canada (e.g. Haskell,  1935  ; Takeuchi and Hasegawa,  1964  ; 

Walcott, 1973 ;  Cathles, 1975 ; Peltier and Andrews,  1976  ; Peltier, 1976). Their results 

show that viscosity in the upper mantle is of the order of  1022 poise, and it decreases to 

about  1020 poise in the depth between about 100 and 200 km. 

   Referring to these estimates, we assigned a homogeneous viscosity of  4  x  10" poise 

to the asthenosphere in the southern part model. In the case of the northern part model, 

we assigned inhomogeneous viscosities varying from  1020 poise to  1022 poise to the 

asthenosphere by taking account of the Q-structure presented by Umino and Hasegawa 

(1983). The lower value is based upon the viscosity given by Thatcher and Rundle (1979) 
and Thatcher et al. (1980). On the other hand, we assumed much lower viscosity of  10" 

poise for the lower crust based on Yamada (1973). 
   The viscosity of each sub-region, however, seriously affects the stress state by 

controlling the stress relaxation rate. Thus the values of the viscosities used in the 

present study should be modified in the future, if  rheological characteristic of each region 
is better established.

6.3 Boundary Conditions on Plate Boundary 

   We consider herein the boundary conditions which should be imposed upon the plate 

interface between the Pacific plate and overriding plate in the case of the northern part 

model. The boundary conditions should be given so that they can simulate the inter-

action between these two plates as realistically as possible. However, little knowledge 

on the interaction between the subducting and overriding plates is available at present. 

We must, therefore, try to calculate under various types of boundary conditions consider-
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ing the observed facts such as the distribution of large earthquakes, their recurrence 

times and the speed of plate motion. 

   One of the most fundamental problems related to such boundary conditions is that 

which is better to be imposed upon the plate interface, stress or displacement. In other 

words, it is to be judged which type of boundary condition can represent more realisti-

cally the actual interactions between the subducting and overriding plates. Several 

researchers consider that the strength of seismic-coupling between these plates at their 

interface can be expressed by the ratio of the amount of seismic slip rate to the speed 

of relative motion between the plates concerned with (e.g. Abe,  1977  ; Kanamori,  1977  ; 

Takemoto and Kawasaki,  1983  ; Kawasaki and Matsuda, 1987). Furthermore, it is 

considered that the seismic slip rate is roughly equal to the interseismic displacement 

rate of the overriding plate, which is dragged into depth by the subducting plate at their 

interface. We can, therefore, estimate the magnitude of displacement which should be 

imposed upon the plate interface, provided that the strength of the seismic-coupling is 

known or assumed. Thus, in order to control the strength of the seismic-coupling, it 

seems to be much direct to give displacement as the boundary condition. 

   On the contrary, there is no direct estimation of shear stress exerted on the plate 

interface by the subducting plate. There are only some indirect ones for some subduc-

tion zones (e.g. Froidevaux and Isacks,  1984  ; Honda,  1985  ; Furukawa and Uyeda, 1986). 

According to them, the magnitude of the shear stress at plate interface varies from about 

100 to 1000 bars. Thus it is difficult to determine exactly it. Therefore, we chose the 

boundary conditions of displacement type to be imposed upon the plate interface. 

However, for comparison, an example of results obtained under the stress-boundary-

conditions will be referred to later. 

   It is, next, a basic problem how the strength of the seismic-coupling should be 

quantitatively determined or assumed because it directly affects the stress and displace-
ment fields within the overriding plate, particularly, in the vicinity of the plate interface. 

According to the investigations by Abe (1977), Kanamori (1977), Takemoto and Kawasa-

ki (1983) and Kawasaki and Matsuda (1987), the strength of the seismic-coupling, namely 

the coupling factor, between the subducting oceanic plates and overriding land side plate 

is estimated to be about 0.2 to 0.3 (or 20% to 30%) in and around the Japan island arc. 

Thus we adopt the value of 0.3 for it, although it may vary slightly around this value 

from one region to another. 

   In order to consider spatial variations of the coupling factor we took account of the 

distiribution pattern of large earthquakes, because this factor is considered to be large 

in the regions where large eathquakes frequently occur, while small in other regions. It 

is, however, difficult to determine quantitatively its variation, even if its qualitative 

behavior is thus presumable. 

   Hence we assumed exponential variations of this factor as represented by the 

expressions (1) and (2) in subsection 4.2.2. In these cases, the coupling factors vary from 

80% to 120% of their mean values. We also calculated the stress and displacement fields 

by using the coupling factors which vary from 90% to 110% or from 100% to 110% of
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 Fig.  31 Three-dimensional stresses in the upper crust projected onto the lower 
   hemispheres (a), and in the vertical cross-section along the segment  I-I' in Fig . 13 

   (a) projected onto the front hemispheres  (b), respectively. These are obtained for 
   the northern part model in the case of stress-boundary-condition at the time of 
   60  years. Notations are the same as in Fig. 20.
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their mean values. The results of these calculations are , however, not appreciably 
different from those presented in section 5.2. Therefore , the results described there are 
considered to be representative ones for the case of exponentially varying couplig factor . 

    Finally we briefly mention the results obtained under a  stress-boundary-  condition . 
Figs. 31(a) and (b), respectively, show the states of stresses in a horizontal plane (upper 

crust) and vertical plane (cross-ssection along the segment I-I' in Fig . 13(a)) at the time 
of 60 years. We imposed a uniform shear stress upon the plate interface between the 

trench axis and the position just beneath the aseismic front. 

    By comparing these figures with Figs. 26(a) and 27 which are obtained under the 

constant displacement-boundary-condition , we find a few differences. First, in the case 
of the stress-boundary-condition, the position with the largest stress is relatively easter-

ly, and the stresses within the upper crust beneath the land area gradually decrease as 

it becomes westerly. Second, the stresses in the portion which is about 100 km away to 

the east from the Pacific coast are not small in contrast with those obtained under the 

displacement-boundary-condition . This may imply that, in the case of the stress-

boundary-condition, compressional stress arising from thrusting by the Pacific plate is 

not so effectively cancelled by tensile stress associated with under-bending of the 

overriding plate as in the case of the displacement-boundary-condition . 

7. Conclusions and View for Further Study 

   We calculated the displacement and stress fields caused by plate interactions in and 

around the northeastern Japan island arc by using three-dimensional finite element 

method. Since this arc is considered to be composed of two quite different structures , 
namely the southern and northern parts, we divided it into these two parts , and made 
calculations separately. These two parts roughly correspond to the Kanto and Tohoku 

districts, respectively. 

   Main results for the southern part are as follows. 

   (1) The direction of horizontal displacement at the earth's surface almost coincides 
with that of the Pacific plate motion in the eastern half region and with that of the 

Philippine-Sea plate motion in the western half region. 

   (2) The vertical displacement field at the earth's surface is characterized by a 
remarkable subsidence at the northern portion of the Kanto plain. Although the rate of 

the calculated subsidence is about five times larger than the observed rate , the pattern of 
this subsidence has a striking resemblance to the so-called Kanto basin building (e.g. 
Naruse, 1968). 

   (3) Stresses are very large in and around the portion where the two oceanic plates 
are colliding with each other, i.e., the region of slab-slab collision , as well as those in 
shallower portion of the plate boundary between the subducting and overriding plates . 
This characteristic in the stress distribution is consistent with the stress pattern generat-

ing large earthquakes in these portions along the plate interface. 

   (4) The stress field in crust beneath the land area is revealed to be almost horizon-
tally compressional. This is nearly consistent with the one summarized by Tsukahara
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and Ikeda (1983). 

   On the other hand, main results for the northern part are as follows. 

 (1) The pattern of observed vertical movement with a remarkable subsidence in the 
Pacific ocean side and with a slight uplift in the Japan Sea side is reproduced by the 

calculations. However, the nodal line at which no vertical movement occurs lies some-

what westerly compared with the one estimated by Miura (1982). 

   (2) The stresses in the land area have almost horizontal and east-west direction of 

compressional axes. The stress field is consistent with the results summarized by 

Nakamura and Uyeda (1980). The stresses in the upper crust increase with time more 

rapidly than those in the lower crust. Such behaviors of the stresses in the upper and 

lower crusts beneath the land area well interpret the observed seismicity. 

   (3) The distribution pattern of large earthquakes beneath the Pacific ocean may be 
interpreted by considering a spatial variation in the strength of the seismic-coupling 

between the subducting slab and overriding  plate  : we obtained a stress field which can 

explain this pattern by considering seismic-coupling factors decreasing and increasing, 

respectively, exponentially with the distance from the trench axis for the northern and 

southern areas bordered by a latitude line of about  38°N. 

   The precision of the calculation is, however, not always satisfactory both in the 

senses of time and space because we could not make the models sophisticated enough and 

the time increment in visco-elastic analyses short sufficiently due to the limited ability 

of the current computer. Thus more precise calculation is desirable in the future, if such 

restrictions would be reduced. 

   On the other hand, at present, we do not have enough knowledge which is needed for 

construction of models as realistically as possible on such points as the plate geometry, 

underground structures, material properties and how the plates interact each other. 

Much progress in researches on these points should be made. 

   In addition to improvement of each modeling, it is also very important to expand the 

model so that the entire Japan island arc is included within one model as already 

proposed by Kono (1985). It will be possible to simulate simultaneously many geophysi-
cal phenomena in and around the Japan island arc by using such a large scale model. To 

achieve the simulation successfully, first of all, more precise investigation on each region 

must be carried out one by one. 

   Furthermore, migrations of strain and tilt reported by some researchers (e.g.  Ishii et 

 al., 1978,  1980  ; Kasahara,  1973  ; Yamada, 1973) are also very interessing and important 

phenomena. Thus simulations of them, which we did not concern with in the present 
study, are very desirable in the future in order to promote our understanding of the 

physics in subduction zones.
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