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Summary

A hypothetical model of the upper part of the earth’s mantle beneath
Japan is proposed. In order to account for the low electrical conductivity
as has been derived from the study on geomagnetic daily variation, it is
assumed that the substance, which usually consists of the layer between
the earth’s surface and the depth of 400 km, wedges into the lower part
under Japan as deep as 700km, the width of the wedge being taken to be
200%m. By this model, we can roughly explain the low conductivity there
as well as the occurrence of deep focus earthquakes, the latter being likely
to be caused by the shearing stresses due to the buoyancy force.

1. Introduction

Geomorphological, geological and geophysical characteristics of oro-
genetic or mountain building zones have been investigated by many
authors. One of the most typical examples is found along an arc con-
necting Kamchatka, the Kurile Islands, North-east Japan, the Seven Izu
Islands and the Mariana Islands. East of the are, there is the deep
Japan trench, its depth exceeding 8,000 m at some places. A remarkable
negative anomaly of gravity falls on the trench, while a positive one
is associated with the Seven Izu Islands and the submarine ridges.
As for the seismic activity in the region, we see a particular distribu-
tion of origins of earthquakes. Suppose a vertical plane perpendicular
to the arc, the origins of earthquakes are distributed along a line dip-
ping down from the Pacific side to the continent making an angle of
about 45° from the horizontal plane. The upper end of the line
terminates in the neighbourhood of the trench where a lot of shallow-
focus earthquakes are occurring. Deep-focus earthquakes have been
reported there even at a depth of 700 km. The belt under which we
observe deep-focus earthquakes runs along the Mariana Islands and the
Seven Izu Islands, crossing the main island of Japan and reaching
somewhere under Vladivostock. It turns then to the north-east direc-
tion running along the north-west side of the Kurile Islands. The
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distribution of shallow, intermediate and deep focus earthquakes sug-
gests that a curved surface or shell having special conditions related
to earthquake occurrence exists under this area. The trench is roughly
corresponding to the intersection of this surface or shell and the earth’s
surface, while the belt for the deep-focus earthquakes is likely to indicate
the lower extent of the surface or shell.

The trend of volcanic zones is nearly parallel to the arce in question.
Petrological examinations of voleanic rocks also enable us to imagine
some special conditions in the earth’s interior underneath the arec.
Alkali rocks are usually found on volcanoes in the Pacific Ocean and on
the continent, while calcalkali rock province are spread all over the arc.
Along the belt of deep-focus earthquakes, calcalkali rocks are seldom
found. Since it is generally accepted that alkali rocks are directly
effused from the deep peridotite layer and that calcalkali ones are sub-
ject to chemical changes in the course of effusion by the influence of
sedimentary rocks, the characteristic distribution of these rocks and its
relation to the arc are, no doubt, closely related to the prevailing con-
ditions in the earth’s interior under the area.

The late Professor Y. Otuka® gave a geological interpretation of the
arc mentioned above. Summarizing all the geomorphological, geological
and geophysical knowledge, he tried to construct a geological model of
the earth’s interior which could account for all the phenomena observed
there. He assumed that local changes in pressure occur within a zone
with a certain width dipping about 45° NW, the zone intersecting the
surface at the general trend of the north-west margin of the Japan
trench. A highly viscous substance might be produced in the basaltic
layer by the local pressure change supposed here, resulting in an up-
ward motion in the layer. The upwarping and voleanic activity on the
main island of Japan could be explained by this upward motion. The
downward movement compensating the upward one would be the cause
of the subsidence of the ocean floor. The formation of the trench
could be explained in this way.

B. Gutenberg and C. F. Richter® have paid attention to the
characteristics of the Kamchatka-Japan-Mariana arc. They showed a
schematic section of the Hokkaido area in which we can clearly see the
relation between the gravity anomaly, voleanoes, trench and foci of

1) Y. Oruka, Bull. Earthq. Res. Inst., 16 (1938), 201.
2) B. GUTENBERG and C. F. RICHTER, Seismicity of the Earth. 2nd ed. (1954),
24,
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earthquakes. J. Coulomb® has also shown the same section together
with one for Java Island, while J. T. Wilson® has shown a generalized
section across an active island are.

The cause of the development of arcs of this sort has been dis-
cussed in relation to the nature of orogenetic process. The importance
of convection currents which might occur in the earth’s mantle has been
suggested by many authors. The rupturing and yielding in the upper
part of the mantle and crust might also be expected if we take the
view that the outer shell of the earth is subject to thermal contraction,
whence ruptures along conical zones such as indicated by deep-focus
earthquakes may be formed. From the geophysical standpoint, however,
both the theories of convection and contraction are not satisfactory
because they are proposed on the basis of many assumptions. Some
more direct evidence related to the physical state beneath the orogenetic
belt would be needed for further discussion.

The writer and his colleagues™®™® have been investigating the
anomalous behaviour of transient geomagnetic variations in Japan. It
was found that the anomaly has nothing to do with the exterior of the
earth, but is caused by induced electric currents flowing in the earth,
so that the electrical conductivity is distributed in a very complicated
way under Japan. The investigations of short-period variations sug-
gest that there must be a highly conducting passage of electrie currents
under the central part of Japan. This is likely to be a roughly circular
circuit whose diameter is assumed to be a few hundred kilometers.
Although the main parts of the circuit are presumed to lie at a depth
of about 100 km, both the ends of the circuit would be connected with
the conducting region of the mantle, the existence of such a conducting
part having been well established by S. Chapman®, A. T. Price™ and
the writer®. Meanwhile, an investigation of the same sort on geo-
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magnetic daily variation in Japan suggests that there must be a low
conducting region in the deeper part of the mantle, so that the low
conducting state between the top and the depth of 400 km, which has
been obtained as an average state of the earth, is likely to be extended
as deep as 700 km under the central and north-east parts of Japan.
Although much more observation will be necessary for establishing the
electrical state under Japan, this sort of knowledge of the physical
state of the earth’s interior may add something of interest and im-
portance to the geophysical interpretation of the arc and related
phenomena.

The purpose of this paper is to attempt a new interpretation of
the Kamchatka-Japan-Mariana are and its underground structure with
the aid of the newly obtained knowledge of the electrical state under-
neath the area.

2. The underground structure presumed from the
conductivity distribution

As has been suggested by the study of geomagnetic daily variations
in Japan, we shall start from the presumption that the electrical con-
ductivity amounts to only 10-% emu from the top of the mantle down
to a depth of 700 zm underneath the area. It is hardly possible to
determine the accurate lateral boundaries of the low conducting region
from the analysis of geomagnetic variations, because only a few obser-
vatories can be used for the analysis. Judging from the fact that no
marked anomaly is observed at observatories in China or Kyushu, how-
ever, we may presume that the region is not so wide as to cover the
continent or South Japan. It is likely that the region is spread under
the central and north-east parts of Japan, while no information is ob-
tained about the eastern boundary which probably lies under the Pacific
Ocean. Under the circumstances, we shall assume that the low con-
ducting region corresponds to the interior of the orogenetic are, so that
it would be possible to imagine that the elongated zone running along
the Kamchatka-Japan-Mariana are with a width of approximately 200
km wedges deep into the earth’s mantle, a typical section being sche-
matically shown in Fig. 1. Outside the hypothetical region, the con-
ductivity is the same as that obtained for the average state of the
earth, that is, it amounts to 10-% emu down to a depth of about 400 im
increasing steeply at this level to the order of 10-" emu.
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It is well known that the main parts of the electric conduction in
the mantle are due to the motion
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where €,, k and 7T denote respec-
Fig. 1. Schematic cross section of the tively the activation energy, Boltz-
supposed model. mann’s constant and absolute tem-
perature. On the basis of the theory

of ionie crystals we can approximately estimate the changes in ¢ for a
given combination of temperature and pressure. If we assume a dis-

- tribution of pressure in the earth, we may obtain the distribution of

temperature with the aid of the distribution of electrical conductivity as
inferred from transient geomagnetic variations. The writer'® has made
this sort of estimate of temperature distribution in the earth down to
a depth of 1500 km. In such a study, it is required that the activation
energy of the substance composing the layer between the top of the
mantle and a depth of 400 km is different from that below this level,
otherwise a discontinuity does occur in the temperature distribution.
The activation energy for the upper part amounts to 2.8 eV at zero
pressure and temperature, while that below the depth of 400 km amounts
to 1.8 ¢V. Although in the study it was assumed for the sake of con-
venience that there is a distinet discontinuity of the activation energy
or substance, a gradual change of the substance is more likely to occur
as has been pointed out by F. Birch™.

Since, however, the low conducting region penetrates down to a
depth of about 700 Zm under Japan, we might presume that the sub-
stance of large activation energy, which is usually found in a layer
between the top of the mantle and a depth of 400 km, is wedging into
the lower layer. The extent and shape of this wedge is thought to
agree with the region stated before. The conductivity in this abnormal

13) T. NAGATA, Bull. Farthq. Res. Inst., 15 (1937), 663.

14) H. P. COSTER, M.N.R.A.S. Geophys. Suppl., 5 (1949), 193.
15) T. RIKITAKE, Bull. Earthq. Res. Inst., 30 (1952), 13.

16) F. BIRCH, Journ. Geophys. Res., 57 (1952), 227.
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part of the mantle can be calculated following the method in the
writer’s previous paper™. On making use of the temperature and
pressure distributions obtained respectively by the writer™ and K. E.
Bullen'”, the conductivity is caleulated as given in Table I for respective
depths.

Table I. Temperature, activation energy and electrical
conductivity in the abnormal region.

Depth \ : Temperature €q 1‘ logiee (o in emar)
100 &m 1180° K& 25cV | ~15.0
200 1370 2.8 ; ~15.0
300 1460 3.1 j ~15.0
400 : 1540 3.3 1 ~15.0
500 1630 . 3.7 ! ~15.6
600 1730 ‘ 4.0 | ~15.6
700 1840 | 4.2 ? ~15.7

Strictly speaking, however, hydrostatic equilibrium would not be
retained, and, in such a case, the application of the simple theory of
inoic crystals. would fail. Gradual changes in chemical composition or
crystal structure of the substances are also likely to occur, this re-
quiring different activation energies between the top and bottom. But
these points can not be discussed here in detail because no definite
data are available.

As can be seen in Table I, the conductivity is kept almost constant
amounting to the order of 10-" emu, so that the existence of a low
conducting region under the area down to the depth of about 7007%m
is consistent with the model of wedge-shape penetration of the upper
layer as described above. If we do not assume such a wedge-shape
penetration of the upper part of the mantle into the lower part, the
low conductivity suggested from the analysis of geomagnetic variations
would require abnormally low temperature distribution there. Since no
special cooling mechanism which provides such a curious distribution of
temperature is probable, it seems doubtful to suppose a low temperature
region at a depth of 700 km or so. If we give up this alternative, we
may now presume that the supposed wedge-shape penetration would
possibly be the only model which accounts for the distribution of con-
ductivity.

17) K. E. BULLEN, Ar Introduction to the Theory of Seismology, (1947).
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3. DPossible relation between the underground structure,
seismicity and other phenomena

Now we are in a position to examine what sort of phenomena would
be expected from the supposed underground structure of the Kamchatka—
Japan-Mariana arc. First of all, the penetrating part of the upper
layer will be subject to a force of buoyaney because the density of the
substance at the lower part of .the mantle is larger than that of the
upper layer. Strictly speaking, this sort of discussion should be made
by taking into account the elasticity. However, accurate investigations
in this line would be difficult to carry out because of the complicated
shape of the model, so that a simplified treatment will naturally be
applied as is the case for the theory of isostasy. Assuming that a solid
mass is wedging into a fluidal substance, the forece vertically acting on
the mass becomes

P={(e.=p)oav, (2)

where p;, p., and V denote respectively the density of the fluid, that of
solid, gravity and volume of the solid pushed into the fluid. The inte-
gral should cover the whole volume of the solid in the fluid. If we
assume the model of the underground structure stated in the last
section, the force for a vertical section with unit thickness is given as

F=L{ o= o) (3)

where L is the horizontal length of solid part. p, and g can be obtain-
ed from Bullen’s study™, while p, at great depths can be inferred by
the formula

_1_=i(1_x00p+a00T+~-), (4)

P2 Powo

where py, ¥ and «, respectively denote the pressure, compressibility
and thermal expansion coefficient of the substance at zero pressure and
temperature, while P denotes the pressure. On taking the following
values

p00=3-3 g/cms »
Y0o=0.90 x 10" ¢gs ,
Qp=1.7x10-7,
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and the same temperature and pressure distributions as before, p. is
calculated as given in Table II together with p, and g.

Table II
Depth I 2 ‘ 02 i g
400 km 3.64 glems 3.66 gfcm3 998 cm/[sec?
500 3.89 } 3.78 , 1000
600 | 4.13 i 3.94 ; 1001
f 4.12 1000

700 | 4.33

With these values given in Table II, the right-hand side of (8) can
be numerically calculated, whence we obtain

f=0.80x10" dynesjcm,

provided we assume L=200/m. Thus we see that this order of
buoyancy force is acting on the supposed wedge-shaped part.

At the boundary between the wedge and the surrounding material,
therefore, there should be some shearing stresses because the wedge is
constantly going to rise up. The stress per unit area in the dipping
plane is easily given as

s:% T/f:‘a: - /—7(11&_7;):6.7 x 10° dynes/cm?.
It is known that the strength of the earth amounts to the order
of 10° dynes/em® for rocks which are usually found in the crust. It is
not known what value the strength will take as far in the interior as
700 km in depth though experiments at high pressure generally show
that the strength become larger by some factor. We see, then, that
the substance near the boundary of the supposed wedge is always sub-
ject to a large stress slightly under its breaking point. If it is so, we
may understand the reason why earthquakes occur along the dipping
plane. The fact that no earthquake whose depth exceeds 700 Zm is
observed is also compatible with the hypothesis that the upper layer
wedges down to that depth as is supposed from geomagnetic studies.
A rough estimate suggests that there will be an anomally of
gravity of 10mgal or so at the earth’s surface right up the region,
because light material is penetrating heavy one. However, the anomaly
of this origin is likely to be masked by the one that originates in or

under crust.
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4. Discussion and concluding remarks

From what we have been dealing with in the above, it is found
that the model constructed on the basis of geomagnetic studies roughly
accounts for the occurrence of deep-focus earthquakes under the area
concerned. As a consequence of shearing stresses near the boundary
of the supposed wedge, some fractures could be formed along the
boundary. If so, magma may rise up from there. Though the idea of
this sort is speculative, the distribution of alkali and calealkali rocks
stated in the Introduction is now becoming acceptable. Hence, there
is a possibility that some effusive rocks might come up from as low a
depth as several hundred kilometers. The trend of voleanic zones is also
understandable provided we presume the presence of such fractures as
mentioned above.

Turning to the electric circuit which has been suggested from
studies on short-period geomagnetic variations, we failed to find any
direct relation between the circuit and the underground structure pre-
sumed here. It is possible to speculate that this circuit under the
central part of Japan might be closely related to those fractures sup-
posed above. However, no satisfactory interpretation will be effected
from such a highly speculative discussion, so the geological interpreta-
tion of such an electric circuit will remain unknown.

Finally, the cause of the supposed wedging of the upper mantle
into the lower part should be examined. This is also a matter of
speculation. But if we suppose a sort of convection in the mantle, it
might be possible to think of a dragging force which gives rise to the
wedge described above. This assumption is also favourable for con-
structing a deep trench at the earth’s surface. It is not necessary to
assume that the convection is now prevailing. If we assume that some
convection had existed at some time in the past when the material in
the mantle had had more fluidity, the supposed structure could be formed.

The writer would not like to put much stress on such a matter of
speculation. But the point that the underground structure deduced
from geomagnetic studies with a few assumptions approximately accounts
for the occurrences of deep-focus earthquakes seems of interest and
importance.

In conclusion, the writer wishes to express his sincere thanks to
Messrs. I. Yokoyama, S. Uyeda and K. Kasahara with whom he dis-
cussed the matter in detail. ’
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