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 Abstract

   Based on an examination of historical sequence of the Cenozoic events in the East Asiatic 
transition zone, it is assumed that, at some stage of the Early Cenozoic, there was a significant dif-
ference in the temperature of the upper mantle between the two sides of the Japanese Islands, 
higher on the side under the Japan Sea and lower on the side under the northwestern Pacific 
Ocean. The mechanical aspect of mantle tectonic flow which could be generated as a result of this 
difference is numerically investigated with the use of the SOR method in combination with the 
MAC method. The basic features of fluid flow observed from the calculated result have significant 
implications with regard to the Cenozoic structural development of the East Asiatic transition zone, 
in support of the proposition that the density-driven differential mantle flow played a prominent 
role in the development of the present-day structure of the transition zone.

1. Introduction

   An understanding of role and mechanism of mantle tectonic flow is of great im-

portance in the study of structural development of the transition zone from the East 
Asiatic continent to the Pacific Ocean. The fundamental structural elements that con-

stitute the present-day feature of the transition zone are marginal basin, island arc, 

deep-sea trench and the seismofocal Benioff zone. Although a few investigators re-

gard the Japan Sea as a remnant of old  ocean", many others consider that the pre-
sent-day structure of the transition zone has been formed during the course of the 

late Cenozoic time. The latter point of view is supported by petrological evidence 

indicating that the Japan Sea appeared in the Neogene, as will be seen later in this 

paper. 
   It should be noted, however, that there is a wide divergence of opinion as to 

the role and mechanism of mantle tectonic flow in relevance to the Cenozoic evolu-
tion of the transition zone. 

   As is well known, most adherents of plate tectonics accept the schematic diagram 

according to which the generation of marginal basin is associated with the thermo-

mechanical effects of tectonic flow induced in the "back-arc" mantle by  the  subduc-

tion of oceanic  plate2)-". The same mechanism is also considered to be responsible 

for the formation of the mantle wedge, that is, the anomalously heated portion of up-

per mantle situated beneath the inner side of an island arc. It is true that plate
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tectonics does not consider that the generation of all the marginal basins can be ex-

plained by one and the same mechanism, but the Japan Sea is considered to be one 
of those basins which were generated in accordance with the above diagram. What 

is important to note is that, in this diagram, the heating of the upper mantle under 

marginal basin is considered to be a result of subduction of oceanic plate; in the 

case of the Japan Sea, a result of westward subduction of the Pacific Plate. 

   On the other hand, the tectonic flow in the transition zone has been treated in 

a quite different way by those who argue against the subduction of oceanic plate. 

Various diagrams have been  proposed6)-9). A brief review of these diagrams shows 

that, while the concrete features of tectonic flow differ from diagram to diagram, 

there is a common feature wherein the generation of island arc—trench system and 

the Benioff zone is associated with relative movements in the mantle. Here we refer 

to the most comprehensive diagram proposed by  Beloussov". In this diagram, the 

mantle tectonic flow is supposed to be caused by the density difference between the 

two sides of island arc, lower on the side under the marginal basin and higher on 

the side beneath and beyond the deep-sea trench. The density difference, in its 

turn, is supposed to be produced by the difference in the temperature of the upper 

mantle. The basic feature of the tectonic flow is visualized as follows: the mantle 

with lower density under the marginal basin would flow over the denser mantle be-

neath and beyond the deep-sea trench, and accordingly the denser mantle would flow 

under the mantle with lower density. What makes a decided contranst with the dia-

gram of plate tectonics is that this diagram assumes that, before the formation of the 

present-day structure of the island arc—trench system, there was already a significant 
difference in the temperature of the upper mantle between the two sides of the is-

land arc. 

   Accordingly, the difference in opinion is mainly concerned with the genetic re-

lationship among the structural elements of the transition zone. 

   The main purpose of this paper is to numerically investigate the basic features 

of mantle tectonic flow which could be relevant to the Cenozoic evolution of the East 

Asiatic transition zone. For this purpose, it is necessary to assume a schematic model 

representing the deep-seated mantle condition under the transition zone which pre-

vailed at some stage of the Early Cenozoic. However, the above consideration shows 

that there is a need, prior to numerical modelling, to discuss the problem of the his-
torical sequence of Cenozoic events that took place in the East Asiatic transition 

zone. Thus this problem will be first considered by refering to some recent papers. 

2. The Historical Sequence of the Cenozoic Events in the East Asiatic Transition 

   Zone 

   In his previous  paper"), the present writer has already examined the temporal 

and spatial characteristics of the Meso-Cenozoic tectonomagmatic activity that mani-

fested itself in the vast area of East Asia, including the inner part of the East Asi-

atic continent as well as the transition zone. Taking into account the characteristic
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feature that the most intensive activity migrated gradually from the inner part of the 

continent to its marginal part during the Mesozoic to Early Cenozoic time, it was 

suggested that the late Cenozoic activity in the East Asiatic transition zone was mani-
fested as the continuation of this migration and was possibly associated with the 

corresponding eastward migration of the most heated portion of upper mantle. 

   This suggestion finds support in new results of a petrological study of volcan-

ic rocks from the Japan Sea; quite recently, Florova and  Konovalovht) have shown 

that 

   (1) The volcanic activity within the region of the Japan Sea began more than 
55 million years ago in the Early Paleogene. It started with the subaerial eruption 

of dacite, rhyolite and andesite magmas and partly of andesite-basalt magma. Since 

the middle Miocene, it changed to the subaqueous eruption mainly of basalt magma. 

   (2) There is a general trend that the volcanic activity began and ended earlier 
in the northwestern part of the Japan Sea than in its southeastern part. This can 

be attributed, in their opinion, to the eastward migration of the magma-generating 

sources in the upper mantle. 

   (3) The chemical composition of the volcanic rocks was characterized by the so-
called "antidromal" change; namely, the volcanic rocks issued in the Neogene be-

came more basic than those issued in the Paleogene. 

   These results have a significant implication with regard to the problem of the 

historical sequence of the Cenozoic events in the East Asiatic transition zone. The 

change in the character of volcanic eruption from subaerial to subaqueous(1) im-

plies that the Japan Sea is not a remnant of old ocean, but is of secondary origin. 
It appeared in the  Neogene(probably, in the middle Miocene). This is in agree-

ment with the conclusion reached by  Kaneoka'2', who investigated the radiometric 

ages of volcanic rocks dredged mostly from the southeastern half of the Japan Sea. 

It  should_ be emphasized, however, that the finding of the Early Paleogene volcanic 

rocks, for example, andesites from the Yamato Bank dated to be 68.1  Ma"), indicates 

that the upper mantle under the Japan Sea was already heated in the Early Paleo-

gene. It is obvious that this heating preceded the Neogene to Quaternary activities, 
such as the  Green-tuff and the Island-arc Disturbances, with which many geologists 

associate the formation of the modern structure of the Japanese  Islands"). The tem-

poral and spatial characteristics (2) of the Cenozoic volcanism in the Japan Sea 
seems to be in accord with those of the Mesozoic to Early Cenozoic acivity mention-

ed above. In addition, the "antidromal" change in the chemical composition of vol-

canic rocks(3) is similar to the corresponding change that characterized the Meso-
Cenozoic magmatism over the East Asiatic continent, as pointed out in the previous 

 paperlo). Accordingly, the above results of the  petrological study of volcanic rocks 
from the Japan Sea seem to favor the above-mentioned supposition of the present 

writer that the Cenozoic activity in the transition zone was manifested as the con-

tinuation of the Mesozoic to Early Cenozoic tectonomagmatic activity in the East Asi-
atic continent.
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   In contrast, according to the widely accepted diagram of plate tectonics the ap-

pearance of the Japan Sea is associated with the thermo-mechanical effects of the 
westward subduction of the Pacific Plate that started about 40 to 45 million years 

 ago14); the convective flow in the "back-arc" mantle induced by the subduction played 

the leading role in the formation of the Japan Sea. This diagram appears, at a first 

glance, to plausibly explain the historical sequence of the Cenozoic events in the East 
Asiatic transition zone. However, it should be emphasized that the Early Paleogene 

volcanism mentioned above remains unexplained, because it started much earlier than 

the beginning of the westward subduction of the Pacific Plate. It is true that some 

adherents of plate tectonics consider that the westward subduction of the Pacific 

Plate was preceded by the  northward  (or northwestward) subduction of the Pacific 

and the Kula  Plates"), but no satisfactory explanation has yet been provided as to 

the reason why the Japan Sea was not formed as a result of this subduction which 

involved, in their opinion, even the active oceanic ridges. In this connection, it is 

interesting to note an important question about the feasibility of the current dia-

gram of plate tectonics, which has been recently propounded by the petrological 
study of basaltic rocks from the inner part of the northeast Japan. Based on experi-

mental study, Tatsumi et  al."' have asserted that the temperature within the mantle 

wedge should be higher than  1,400°C. This temperature evidently is much higher 

than any theoretical value so far calculated based on the above-mentioned diagram 

of plate tectonics. Thus, the question is whether it is possible to explain such ex-

tremely high temperature in the framework of the current diagram of plate tectonics. 

An attempt to positively answer this question was made by  Honda"). He carried out 

numerical calculations of temperature distribution in the mantle wedge and then con-

cluded that the high temperature suggested by Tatsumi et al. can be explained by 

assuming that the upper mantle under the Japan Sea was already heated up to 1,400 
 'C at the depth shallower than 100 km . In order for this explanation to be accepted, 

it is necessary to assume that the upper mantle under the Japan Sea was heated in-

dependently of (and, possibly, prior to) the westward subduction of the Pacific Plate. 

This means as a logical consequence that the above-mentioned diagram of plate tec-

tonics should be significantly modified in order to meet the requirement put forth by 

the petrological considerations. In fact,  Miyashiro"' has recently suggested an idea 

that the upper mantle under marginal basin was heated independently of the sub-

duction of oceanic plate. Taylor and  Karner") also have argued that the temporal 

and spatial distribution of marginal basins cannot be explained by those hypotheses 

that attribute the generation of marginal basins to plate subduction. This means 

that, even in the opinion of supporters of plate tectonics, the subducting plate begins 

to lose its important function as a causal factor of formation of marginal basins. 

   Accordingly, it seems possible to conclude from the above consideration that the 

historical sequence of the Cenozoic events in the East Asiatic transition zone supports 

the above-mentioned Beloussov's opinion about the genetic relationship among the 

structural elements of the transition zone. This means that the current diagram of
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the plate tectonics, in which the subducting plate plays an important role as a causal 

factor of heating of the "back-arc" mantle, hardly can serve as a basis for numerical 

modelling of tectonic flow in the transition zone. Thus, in the following modelling, it 

will be assumed that the upper mantle under the Japan Sea was already heated in 

the Early Cenozoic as a result of the eastward migration of the most intensive tecto-

nomagmatic activity from the inner part of the East Asiatic Continent to its marginal 

part, and special attention will be confined to the problem of actual possibility of the 
Beloussov's diagram, according to which the density-driven differential flows in the 

upper mantle played a prominent role in the formation of the present-day structure 

of the transition zone. 

3. Numerical Modelling of Tectonic Flow in the Transition Zone 

 (I) Initial condition 

   It is assumed that, at some stage of the Early Cenozoic, the upper mantle under 

the Japan Sea was significantly heated and, on the other hand, the upper mantle un-

der the northwestern Pacific was already cooled. The latter assumption is made on 

the basis of the old age of the ocean floor and the low values of surface heat flow 

observed in the northwestern part of the Pacific ocean. Thus, as an initial condition, 

it is assumed that there was a significant difference in the temperature of the upper 

mantle under the East Asiatic transition zone. 

   In this connection, it is interesting to note that a similar assumption was already 

made by Shimazu and  Kono") in their calculation of mantle convection. They show-

ed that relative movements would be generated in the mantle. But, unfortunately, the 

significance of their result was obscured by the advent of plate tectonics which as-

serts that the heating of the "back-arc" mantle should be ascribed to the effect of 

plate subduction. It is noteworthy that the basic feature of tectonic flow visualized 
in the diagram of Beloussov is concordant with that of the relative movements 

shown by Shimazu and Kono. Although an extention of their method of calculation 
for more realistic models including several different fluids is desirable, great mathe-

matical difficulty is encountered in combining the momentum equation with the en-

ergy  equation; the two equations cannot be combined with each other by a single 

equation of state. Thus, the following consideration is confined to the mechanical 

aspect of tectonic flows which could be generated in the mantle consisting of several 

different fluids. 

   The enclosure shown in Fig. 1 represents the initial state. It consists of five 

Newtonian, incompressible, viscous fluids. The  fluid  (I) stands for the lithosphere, 

the  fluids(2) and (3) for the asthenosphere and the  fluid  (4) for the mesosphere. 

The fluid (0) with very low density and viscosity is inserted in order that the upper 

surface of the lithosphere behaves approximately as a free surface. The astheno-
sphere is divided into two different fluids, the fluid (2) with lower density and vis-

cosity and the  fluid  (3) with higher density and viscosity. Thus, the left side of the
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        Fig. 1 Initial state for numerical calculation, schematically representing the 

               deep-seated mantle condition at some stage of the Early Cenozoic. 

enclosure composed of thin lithosphere and thick asthenosphere represents the anoma-
lously heated mantle under the Japan Sea, and the right side composed of thick 
lithosphere and thin asthenosphere represents the cool mantle under the northwest 
Pacific. Although such a model is artificial, it is believed that it corresponds to the 
above-mentioned situation that, at some stage of the Early Cenozoic, there was a sig-
nificant difference in the temperature of the upper mantle between the two sides of 
the Japanese Islands. In fact, this model conforms to the generalized scheme of Rod-
nikov and  Vadkovsky8) which was proposed based on detailed investigation of the 
deep-seated structure of the transition  zone21). 

 (2) Basic Equation and Boundary Conditions 

   In general, there are three methods of numerical solution of the Navier-Stokes 
equation describing the motion of viscous fluids. The first one is to directly use the 
"primitive" variables, i.e. the velocity and the pressure. The original MAC method 
proposed by Harlow and  Welch") is the premier example of this type of solution. 
The second and most popular method is the  vorticity—stream function approach. In 
this method the pressure is eliminated by cross-differentiating the momemtum equa-
tions to yield two Poisson equations for the vorticity transport and for the stream 
function. The Poisson equations are separable if the viscosity is constant. The third 
method is to use the "generalized biharmonic equation" derived by eliminating the 
pressure and substituting the derivatives of stream function for the vorticity. In this 
paper, the third method is utilized, because this approach is more suitable for a vari-
able viscosity problem and because there is no need to obtain the values of the pres-
sure or the vorticity. The following derivation of the generalized biharmonic equa-
tion is due to  Andrews"), who first proposed this method. 

   The tectonic flow in the earth is so slow that the effect of intertia can be ne-
glected and, therefore, the equation of motion can be expressed as the balance of 
stress, pressure and gravity terms. With respect to the coordinate system shown in 
Fig. I, the equation of motion is expressed by the following two equations:
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              ax— I/ ± ayYWayPg= 0 

where P, p and g are pressure, density of the fluids and the gravitational accelera-

tion, respectively, and  r„,  r,y and  rxy are the stress components. Since the fluids 

are incompressible, the equation of continuity is reduced to: 

          au Ov   + —0  (2)         a
x8y 

and then the stress components are expressed by 

 au 
 r .„--=  —r,y=217  ax 

 rxy  =  72  ( aayu + Oov (3)               x   ) 
where  77 is viscosity and u and v are the horizontal and vertical velocity components, 

respectively. The velocity components are derived from a single stream function S: 

 as  
           u= 

            ay 

 aS           } (4)               v =  a
x 

Substituting (3) and (4) into (1) and then cross-differentiating the two equations of 

(1) with respect to y and x, a generalized biharmonic equation in the stream func-

tion is  obtained: 

      02 02s\+( 02 02\Ii02  02\SI+019     4 ax0y71 ax0y)ay'Ox2)171 0,y28x2) ax  9=°   (5) 
This is the basic equation to be solved numerically. 

   As regards the boundary conditions, it is assumed that the two sides of the en-

closure are surfaces of free slip, so that both the horizontal velocity and the horizon-

tal derivative of the vertical velocity vanish on the both sides. The top of the en-

closure is also assumed to be a surface of free slip, on which both the vertical veloci-

ty and the vertical derivative of the horizontal velocity vanish. The bottom of the 

enclosure may be underlain by a more viscous fluid and, therefore, we assume that 

it is a surface of no slip, so that all velocity components vanish on the bottom. These 

boundary conditions are expressed in terms of the stream function S, as follows: 

               S                 O O'S  
    at the sides=,ux2=",..,                 a

y 

                     02S  
   at the topOSay'     ==0  (6)         ax 

   at the bottom OS               ax= OS =0 ay1 
In addition to this, the value of S on all the surfaces of the enclosure should be spe-
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cified in order for S to be unique in the enclosure. Here it is assumed that 

 S=0  (7) 

at all the sufaces. 

  (3) Method of Solution 

   The basic equation (5) with the boundary conditions (6) and (7) is numerically 
solved by the combination of the Successive  Over-Relaxation  (SOR) method and the 
Marker and  Cell  (MAC) method. The procedure of solution is briefly outlined as 
follows. 
   Firstly, the enclosure for calculation is divided into  MxN rectangular segments 
called the control volume, where M and N are the number of control volumes in the 
x and y directions, respectively. The size of each control volume is 4x in the x di-
rection and  Ay in the y direction. 

   Secondly, the field variables are placed as shown in Fig. 2. The stream function 

 Si,  j, the density  pt, and the viscosity  vi,i are assigned to a point P centered at the 
 (i,  j)-th control volume, where i and j are location indices in the x and y directions, 

respectively. On the other hand, the velocity components,  Uci and  V4,  j, are placed 
at the points that lie on the surfaces of the control volume. This technique of field 
variable placement, called the "staggered grid" technique, is needed in order to avoid 
the introduction of physically unreasonable solutions. An excellent explanation of the 

technique was given by  Patankar24). 
   Thirdly, a great number of marker particles are used in order to distinguish the 

viscous fluids from one another and to introduce a Lagrangian description of the re-
sultant flow. Different fluids are marked by different types of particle. They are 
uniformly distributed at the initial stage of calculation, with each control volume in-
cluding 5  X 5 particles (see Fig. 2). Thus the total number of the marker particles 

is equal to 25  x  Mx  N. All these particles are moved in accordance with the velocity 

 Vij4.1 

 A 

 O  0  0  0  0 

 O  0  0  0  0 

 Sji Fig. 2 Placement of field variables in the 
 AY  Uii  •---)-D 0  0Pij 0 0  •—•Ui+lj  (i,  D  -th control volume. Stream  flm-

                11- tion, density and viscosity are placed 

      O 0  0  0  0 at the center of the control volume,                                                 while velocity components are placed 
                                                at the points on its surfaces according  0 0 0 0

to the "staggered grid" technique. 

            Vii                                               Open circles indicate the initial distri-                                                 b
ution of marker particles. 

   PX   >I
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field obtained by the SOR method at each stage of numerical calculation. In this 
way, the time evolution of fluid flow is represented as a successive change in the 
distribution of the marker particles. 

   The mathematical description of the above procedure is given in the Appendix . 
At this point, it is expedint to emphasize that, although the present method is similar 

to that utilized by Matsumoto and  Tomoda25), there is a difference in the way the 
"staggered grid" is employed. In their method, the velocity component  (kJ was 

placed at the point that lies on the horizontal surface of the control volume and the 
component was placed at the point on the vertical surface. In this paper, as 
shown in Fig. 2, the component  Uid is placed at the point on the vertical surface 
and the component  Vi,j at the point on the horizontal surface. This may seem at 
a first glance to be a minor difference, but it is crucial in obtaining physically rea-

sonable solutions. A numerical test made by the present writer has shown that the 
method utilized by Matsumoto and Tomoda brings about unreasonable solutions, be-
cause the conservation of mass is not fulfilled in the control volume. 

  (4) Result 

   Numerical calculations were performed for the three cases shown in Fig. 3. The 
size of enclosure used for calculation is 460 km in depth. The upper 60 km is ini-
tially occupied by the  fluid  (0) with very low density and viscosity in order that the 
upper surface of the lithosphere, i.e. the  fluid  (1), may behave approximately as a 
free surface. So the features of fluid motions taking place in the lower 400 km is 
examined. This depth is taken based on the assumption that the increasingly denser 
mantle located at the depth greater than 400 km would not be significantly affected 

by the motion under consideration. The width of the enclosure, 1,200 km, is taken 
as three times the depth. Instead of employing a wider enclosure, which will lead 
to a highly expensive task, the initial geometrical configuration of the fluids is varied 
from case to case in order to examine the possible contortion of the resultant flows 

due to the boundary conditions at the both sides of the enclosure. 
   As for the physical parameters, in view of the well known fact that a decisive 

factor controlling the mantle flow is the fluid viscosity, attention is confined mostly 

to the effect of the viscosity on the features of resultant flows. In particular, taking 
into account that the lithosphere viscosity so far estimated by several authors ranges 

from  1022 to  102'  poises")"), the three cases shown in the figure are examined. In 
addition to the above-mentioned lateral density difference, the density inversion be-
tween the lithosphere and the asthenosphere is assumed. The values of density shown 
in the figure are similar to those used by Matsumoto and  Tomoda25). 

   The enclosure is divided into  60  x  23 control volumes which are square and uni-
form in size  (4x=  4y=20 km). Thus the total number of marker particles amounts 
to 34500. 

   The result is shown in Figs. 4a-4c. In these figures, taking full advantage of 

the MAC method, the time evolution of fluid flow is shown as a gradual change in
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             Fig. 3 Geometrical and physical parameters used for calculation. 

                    Vertical exaggeration is 3:2. The numerical values in 

                    parentheses are  density(g/cm3) and  viscosity(poises)• 
                  The  60  km thick horizontal layer of the fluid(0) with  po 

 =0.5  5 and  vo  =10-1 is not shown.
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      Fig. 4a Time evolution of fluid flow for Case A of Fig. 3.
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              Fig 4b Time evolution of fluid flow for Case B of Fig. 3.
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       Fig. 4c Time evolution of  fluid flow for Case C of Fig. 3.
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the distribution of 30,000 marker particles (The rest of the particles marking the 

fluid (0) is not plotted in order to clearly observe the behavior of the "free" surface 

of the lithosphere). 
   A comparison of these figures shows, first of all, that the flow rate depends on 

the value of the fluid viscosity: the more viscous is the fluid, the more slowly it 

flows. This is, of course, what can be expected from the equation of motion for vis-

cous fluid. However, it is noteworthy that the fluids are significantly displaced dur-

ing the lapse of time of several tens million years. This confirms the feasibility of 

the present model as a working hypothesis in the study of the Cenozoic structural 

development of the transition zone. 

   In view of the uncertaities of the physical parameters, it is expedient to examine 

salient features commonly observed in the figures. 

   As time progresses, a differential flow grows. The flow rate is highest in the 

asthenosphere because of its low viscosity. The asthenosphere with lower density 

flows over the denser asthenosphere and, correspondingly, the latter flows under the 

former. The flow pattern becomes complicated in the vicinity of contact between the 

two mutually counter flows. An undulatory motion is observed at the boundary be-

tween the asthenosphere and the underlying mesosphere. 

   What is interersting to note is that some common features can be observed in 
behavior of the lithosphere. 

   Firstly, the lithosphere on the left-hand side of the enclosure is subjected to sig-

nificant extension and, accordingly, the adjacent part of the lithosphere on the right-

hand side is thickened and begins to obliquely subside into the asthenosphere. As 

a result, a wedge-shaped part of the asthenosphere appears between the lithosphere 

on the left-hand side and the subsiding part of the lithosphere. The oblique sub-

sidence of the lithosphere is caused by the above-mentioned differential flow in the 

asthenosphere as well as by the density inversion between the lithosphere and the 

asthenosphere. Its deeper subsidence is restricted by the high density assigned to 
the mesosphere. 

   Secondly, notable undulation develops at the "free" surface of the lithosphere 
which is assumed intially horizontal. The most salient feature is the appearance of 

a trench-like depression above the most rapidly subsiding part of the lithosphere. In 

contrast, considerable uplifting of the lithosphere is observed in the adjacently part 
above the  wedge-shaped asthenosphere. As time progresses, this system of uplifting 

and trench-like depression migrates rightwards, and correspondingly a wide depres-

sion appears on the left-hand side of the enclosure. The latter depression is proba-

bly associated with the extention of the lithosphere. However, a closer look at the 

distribution of the marker particles reveals that the lithosphere on the left-hand side 

is not simply extended, because they are irregularly distributed. This point is exa-

mined in the next place with relation to the stress distribution. 

   In order to get more detailed information, some characteristic features of the 

state of stress are examined. The normal and the shear stresses are calculated with 

the use of the stream  function  (see equations (3)). Some examples of stress distri-
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         indicate fluid boundaries.
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bution are shown in Figs. 5a-5b. In these figures, the stress contours are drawn 

mostly in the lithosphere, because the stresses are much smaller in the asthenosphere 

and the mesosphere. This is what can be expected from the low viscosity of the 

asthenosphere and the  low velocity gradint in the mososphere. 

   It is also expedient to examine common features of the state of stress observed 

from the figures. 

   The stress field is relatively simple on the right-hand side of the enclosure. Hori-

zontal compression is characteristic of the upper part of the obliquely subsiding lith-

osphere. It is large in magnitude near the boundary with the wedge-shaped  asthen-

osphere and, gradually decreasing rightwards, it changes to horizontal tension for 

Case B and Case C of Fig. 3. A similar change is not observed for Case A because 

of the initial geometrical configuration of fluids. The shear stress is  positive  (left-

lateral) in sign except for the small region beneath the trench-like depression. 

   In contrast, the stress field on the left-hand side is more complicated. It is 

characterized by the alternation of tensile and compressional stresses both in the hor-

izontal and vertical directions. Along with the corresponding change in the sign of 

the shear stress, this feature indicates that the lithosphere is subjected to vertical 

motion with relatively short wavelength, in addition to the extension mentioned above. 

This gives a plausible explanation of the irreguar distribution of marker particles 

observed in Figs. 4a-4c. In all probability, the short-wavelength vertical motion is 

caused by the density inversion between the lithosphere and underlying astheno-

sphere. In genearal, as demonstrated by  Ramberg"), the velocity and the predominant 

wavelength of this kind of motion is governed by the ratios of density, viscosity and 

thickness between the lithosphere and the asthenosphere. Similar vertical motion is 

insignificant on the right-hand side of the enclousre due to the large thickness of the 

lithosphere and the small ratio of density. 

   It is probable that the pattern of the resultant flows is contorted due to the con-

finement of the fluids within the enclosure for calculation. However, it seems that, 

as for as the above-mentioned featureses of the flows are concerned, the contortion 

is not very serious, because they are commonly observed in the three cases to each 

of which is assigned a different initial configuration of  fiuids  (see Fig. 3). Thus, 

the generation of fluid flows having the common features is considered to be a natu-

ral consequence of the lateral density difference and the density invesion between 

the lithosphere and the asthenosphere. 

4. Discussion 

   In spite of simplicity of the present model, the above result has some significant 

implications with regard to the Cenozoic structural development of the East Asiatic 

transition zone. 

   One of the most interesting features of the calculated result is the development 

of the contrasting vertical movements of the lithosphere, that is, the notable uplifting 

above the wedge-shaped asthenosphere and the trench-like depression above the most
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rapidly subsiding part of the lithosphere. This feature is in general accord with the 
geological observation on the extensive development of island  arc—trench system in 
the late Cenozoic, as exemplified by the Island-arc Disturbance which established the 
present-day structure of the Japanese Islands and  vicinity"). Thus, it seems possible 
to infer from the above result that the extensive late-Cenozoic development of island 
arc—trench system is the surface manifestation of density-driven differential motion in 
the mantle. As can be seen from the above result, the same differential motion could 
be also responsible for the appearance of the so-called mantle wedge, that is, the an-
omalously heated part of the upper mantle situated beneath and beyond the inner 
side of island arc. Therefore, the above result seems to confirm the actual possibility 
of the Belousov's  supposition') that the density-driven differential flow in the mantle 
played a prominent role in the formation of present-day structure of the island arc— 
trench system. His diagram is partly cited in Fig.  6(Although this diagram is spe-
cially concerned with the deep condition from the Southeast Asia to the Mariana 
Arc, it evidently has general character). 

   At the same time, however, there is a notable discrepancy between the  Belous-
sov's supposition and the above result. No migration of the island arc—trench sys-
tem is admitted in his diagram, while the calculated result indicates the possibility 
of some migration of the system. From the viewpoint of fluid mechanics, the mi-
gration is considered to be a natural consequence of the density-driven differential 
flow in the mantle. However, it is not appreciate to conclude from this that the is-
land arc—trench system migrated, because whether it actually migrated or not is to be 
judged from geological evidence. What can be suggested here is that, as far as the 
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                    Arc. 1—continental crust; 2—oceanic crust;  3—asthen-

                  °sphere ;  4—mantle depleted in light and mobile components; 
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mechanical aspect of Beloussov's diagram is concerned, there is no reason to refuse 

any migration of the Island arc—trench system. In this sense, the above result favors 
the diagram of Rodnikov and  Vadkovsky" which, while similar to that of Beloussov, 

assumes some migration of the system. 

   Another interesting feature of the calculated result is the complicated state of 

stress characterizing the lithosphere on the left-hand side of the enclosure. This is 

probably due to the short-wavelength vertical motion superimposed on the extention 
of the lithosphere. It is tempting to speculate that the combination of the extention 

with the short-wavelength vertical motion could create a mechanical condition favor-

able for the fragmentation of the earth's crust which characterizes marginal basins. 

In the case of the Japan Sea, the fragmentation is manifested by the alternation of 

submarine basin with thin crust like the Japan Basin, as well as submarine uplift 

with thick crust like the Yamato  Bank". 
   It is also interesting to note that the horizontal compressional force observed in 

the upper part of the obliquely subsiding lithosphere is generated without invoking 

any push from the ocean side. This is the point which was emphasized in the sche-

matic diagram of  Nagumo29T, who proposed that the flexure deformation of the litho-

sphere (in his case, elastic) should be attributed to the forces due to excess mass of 

crust-mantle mixture which is accumulated beneath the inner side of the Northeast 

 Japan. 
   Accordingly, as far as the mechanical aspect of process is concerned, the basic 

features observed from the calculated result offers a possible interpretation of the 

characteristic features of the Cenozoic structural development of the East Asiatic 

transition zone. 

   In this paper, it has been assumed that the mantle located at depths greater than 

400 km is too  dense  (and, probaly, too viscous) to be involved in the motion under 

consideration. Although further study will be necessary for this point, it is consider-

ed at present that a motion involving this part of the mantle has its origin in the 

deeper part of the earth's interior. One possible mechanism of such motion was of-
fered in one of the previous papers of the present  writer30'. It was suggested that a 

large-scale differential motion, involving not only the upper mantle but also the up-

per part of the lower mantle, could be caused by the significant lateral density varia-
tion residing in the upper part of lower mantle. It is considered that the tectonic 
flow investigated in this paper could be superimposed on the large-scale differential 

motion which flows at a lower rate. 

5. Summary 

   (1) An examination of historical sequence of the Cenozoic events in the East 

Asiatic transition zone made it possible to assume that, at some stage of the Ear-
ly Cenozoic, there was a significant difference in the temperature of upper mantle 

between the two sides of the Japanese Islands: higher on the side under the Japan 

Sea and lower on the side under the Northwestern Pacific.
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   (2) The mechanical aspect of mantle tectonic flow resulting from this tempera-
ture difference was numerically investigated with the use of the SOR method com-

bined with the MAC method to solve the Navier-Stokes equation for variable viscosity 

problem. 
   (3) The basic features observed from the calculated result were in general accord 

with the salient features characterizing the Cenozoic structural development of the 

East Asiatic transition zone. This lends support to the proposition that density-

driven mantle flows played a leading role in the formation of the present-day struc-

ture of the transition zone. 
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                             Appendix 

          The Mathematical Description of the Method of Solution 

    Firstly, the values of  pi,  i and  vi, are computed by averaging the density and 

viscosity, respectively, of the fluids inculded in the  (i,  j)-th control volume, as  fol-

lows: 

 Ni, 
 Aij=  E  Pk/Nii 

  (A-1) 

 k 

                    N 

              Vi,J= kE=177k/Nii 

where  Nij is the number of marker particles which come into the (i, j)-th control 
volume, and Pk and  71k are the density and the viscosity assigned to the k-th marker 
particle. 
   Secondly, the basic  equations  ((5) to (7) in the text) are transformed into the 

corresponding finite-difference equations, from which the value of  Sc.; is obtained by 
using an over-relaxation technique in conjunction with the Gauss-Seidel point-to-point 
method of iteration. This technique is generally called the Successive Over-Relaxa-
tion(SOR) method and is expressed as follows: 

     sr = 1 LID + a j istD)    (A-2) 

where  St',5 stands for the new value calculated in the current step of iteration, Sri' 
for the old value from the previous step,  sr,7 for the value to be used in the next 
step, and a is a relaxation factor greater than 1 (in this paper, a  =1.40). The itera-
tion is continued until a sufficient convergence is  attained  (in our calculation, until 
the maximum of relative change in S between two successive iterations becomes less 
than  10-4). When the iteration converges, the solution  Sc.; is used for calculation of 
the velocity field,  Ui  j and  Vi,  j, by employing the following relations: 

 Uc=  +1  /44y 
  (A  3)  S

i+1,5+  Si-  +  Lj-  /44X 

   Finally, the marker particles are moved in accordance with the velocity field by 
using the following relations: 

 xkozo  ukoz.D  x  jt 

 ykNEW ykOLD  +  V  kOLD  x t  (A. 4) 

where  (x,NEw,  ykNEW) and  (xkoLpt  ykOLD) are the new and old positions of the k-th 
particle, respectively.  UkOLD and  V,"D are the horizontal and vertical velocities of 
the k-th particle at its old position calculated by the interpolation from the velocity 
field  Ucj and  Vi, (Note that the  U.  kOLD and  V,e°LD are the velocities in the Lagran-
gian description, while the  ELI,i and  Vi, are in the Eularian description). There are 
two methods of interpolation for the particle velocities, the linear and the second-or-
der  interpolations31'. A preliminary test made by the present writer has shown that 
no significant difference is found between the calculated results obtained by using
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          Fig. Al Linear interpolation for the horizontal velocity,  U  k, of the 

 k-th marker particle from the velocity field  Ul  to U4.  Al to 

                   A4 indicate the area of rectangular sub-regions.The 

                  interpolation for the vertical velocity Vk is performedin a 
                    similar way. 

the two methods, so the linear interpolation is  used(Fig. A 1) . 
   In the equations (A-4),  idt stands for the time increment of each stage of calcu-

lation, which is obtained from the following relation: 

   fii V (A-5) 
                                  na. 

where  f3 is a constant less than  1(in this paper,  )9=0.75), and  Vmax is the maximum 
absolute value of the velocity components  Uid and  VV,  f.


