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1. The probable plastic condition of the rocky shell.

In the previous paper® I examined the possible plastic condition of
the earth’s core on the assumption that the rocky shell is almost in-
compressible, the conclusion pointing to the contingency that were the
rocky shell fairly compressible, the material in the same shell would
also be plastic. It is well known that the earth’s core is in a fluid
state, whereas the shell next to it is solid, the reason of which is
probably that, although the actual temperature in the core is higher
than the melting point .of the metals in that core, the same tempera-
ture is still lower than the melting point of the rock under hydrostatic
pressure corresponding to that of the core. My previous conclusion
with respect to the difference in the plastic properties between the
earth’s core and the shell consequently involves certain ambiguities.
From my new calculation it appears that, while the material in the
rocky shell may be so compressible that their condition is almost plastic,
those in the central part of the earth’s core would even be elastic, pro-
vided the plastic constants there were the same as that of the shell.
But, since the material in the central part, because of the high tem-
perature, will asume extremely low plastic constants, the elastic condi-
tion just cited virtually does not exist.

In the present paper we shall assume that the rocky shell next to
the core is composed of two layers; namely, the outermost layer 480 km
thick that was found by Jeffreys® and the next one 2420 km (=2900 km
—480 km) thick, every one of the respective layers and the core being
of uniform density.

Let a, b, ¢ be the radii of the respective outer boundaries of the
outermost layer, the intermediate shell, and the core, their values being

1) K. SEzawa, “On the Plastic Properties of the Earth’s Core,” Bull. Earthq.
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6370 km, 5890 km, and 3470 km respectively. Let also 015 P2, P3 be the
densities of the three parts under consideration. Then, from the formula
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the gravitational potentials of the three parts assume the forms
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¥, 1 being the gravitational constant and the radius respectively of any
point in the Earth. The rates of pressure change with radius are then
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If every medium were in elastic condition, the equations of equili-
brium would be of the forms
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where the suffixes 1, 2, 8 refer to the three medla under consideration.
The solutions of these equations are
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The corresponding stresses are such that
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From the boundary conditions that
r=a; 77771=0,
: r:b;" ‘.ﬁlgﬁz, : Uy =Uy - D {7)
r==2¢, 7?2:;:7\'3, u2=u3,

it is possible to determine B;, C;. B,, C,, Bj, which, however, is some-
what complex. If, however, the differences p3—ps, f2—01 A =24y, 2g—2g,
=l 2= are fairly small we can put C,=0, C,=0, from which
we have
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Y Byamrp;

Y= 15 0y k2
These expressions show that the lateral (horizontal) compressmn 60 (or
¢¢) is always larger than the radial (vertical) compression 77; “for
example, at r=aq, ’)71-0 001_8/11717;,.1'-/15() +2p,). It will .be seen that
the differences under consideration tend to increase with increase in 7.
Put 7=64810"", p;=85, p,=4'5, py=11, J,=p, y=p,. Then 71,08,
for different radii assumes the values shown in Table I.

TABLE I.
r (km) | 6370 | 5890 ] 5890 | 5500 ; 5000 | 4500 | 4000 | 3470 | 3470 i 0
10-1'(r7—9) 79| 153 | 954 | o1 | 1000 | 148 | 116 | .
O e 179 1535254]221 192|148 | 116 | 088 | 0 | o
i i

Jeﬁ‘réys conjectured the distribution of tenacity of the earth’s crust
to be that as shown in Table II. d in Table II denotes the depth be-

TABLE II
4 m) T T ) ! s00 1 000
Tenacity. 10" | 15 { 061 [ 0092 | 0-009

neath the ultrabasic layer.” Since tenacity may be taken as 2k (& being
the plastic constant) at any rate in the order of its value, it is possible
to assume that the materials are in a plastic state at almost any
depth in the earth, with the exceptlon of the central part of the
earth’s core. : A

2. The plastic equilibrium of the earth.

With the condition that all the layers of the rocky shell, besides
the core, are almost in a plastic state, it is now possible to deal with
the earth as a plastic body. The equations of eqililibrilim assume
the forms

= erry 2~ o

g e (= 0y) =0,

—& a2~ o o ‘
— — 7,1+ o +—77(772~002) =0, [ (9)

3) H. JEFFREYS, *‘On the Relatlon between Fusion and Strength ” Phil. Mag., 19
(1935), 840~846.
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provided, owing to the conditions of symmetry, the relations @1=9’5.y\51,
00,=¢p,, 00,=¢¢, exist.

" Let ky, Ky, Ky be the plastic constants of the successive three layers.
Then

— 00, =2k,  rr,—00,=2k,  iT,—00,=2k, (10)

Substituting (10) in (9) and solving the resulting equations, we have
- & 7
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5+ 1,=0, . (1)

P+ 4k310g7‘+—53 %’27 +1,=0,

where I, I,, I, are integration constants. The boundary conditions are

—_

r=a; 71, =0, 1
r=>b; PPy =TTy, (12)
r=c; Pry=17y. J

Substituting (11) in (12) and determining I,, I,, I;, we obtain

—~ i 1 /) a
7'7'1=51(“d“ ——7—.—)— —21 (@2—72) + 4k110g7,

R R ) S HES R T

+ 4, log - 4 4k, log % (13)

b
{51( 1) ( 1)1 {7)1((12 b?) + /2( 2_c?)

Bt —p2 a. b4 <
+ 5 (c2—7 )}+4kllog b +4k,log p +4k310g -
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-=@;z%\'2-2k2r (14)

where
51=’-3i{ (o3 —p2) + 0% (P, —‘(’1)}, 771=é;gﬁ
n (15)
% =é3_c P2(03—02), 72:,{%_’,’;’_’5’ Y= 41;{)3'
On the free surface r=a, we have
'7';1=0’ @1——‘@1: —2k,, (16)

which prove that there is lateral (horizontal) compression even on the
free surface of the earth.

In the special case p,=p,=p;(=p), k;=k,=k;(=k), we get

—_ — —

PPy =TTy = Ty = _z__ (a2—12) +4klog%,
(17)
0, = 00,10, = — %-(a? =) + 4klog - —2k.

The angle 3, which the slip surface makes with any radius, is
obtained in the same way as that shown previously, namely

Bl -

tan2p= T "9 1
A= "o T o » (18)

where 70=0, 1’:%:0. From the equation of the slip surfaces

rdy  rdg
dr (h) tanf, (19)
we get
0,=A,log, ¢,=B,logr (20)

for> every layer.

3. The possible existence of an elastic continent.

The earth’s crust near its surface, as a whole, is subjected to high
lateral pressure. If, on the other hand, a continental layer were, owing
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to its boundary edges or fault surfaces in it, in such a state as to be
free from lateral pressure, the condition in some cases would possibly
be elastic.

In this case the three strain components

ou 2w 19 U 1 2w

w e ot gniag @D
reduce to -
au u c U ¢
ot ®ie, 22
or? 7'+1' ')'+’i‘ . (22)

¢ being a constant, so that

S(u+c)  2(u+c)
+
or 7

’

d=

(23)
Were u replacéd by u+é, all the conditions of the problem would be

the same as in Section 1. Thus we find that

( 2 -
o —" e 1 ! (102, +12p,) I (3214‘2/1;)31—‘4,;%01., 1

;~ 2 11 r 20(21'*‘2/11)

a5 =54 (h+e) 1 (104 +4p)
70, —

(25)
(A+2m) 1 2002 +21) + (34 ¥2/11)Bl+—"ﬁ— . j

The boundary conditions are

r=0a; 7/:7\'1 =0, 5912 0, L
- (26)
r=(a'—1t); 9'7'1—fl(ll= —2k,, f

where o is the radius of the continental surface with respect to the
earth’s centre and ¢, the depth from the free surface at which the
crustal state varies from elastic to plastic. The negative sign —2Fk, in
(25) was taken because of the conditior. that, in the present case, the
value of the vertical compression exceeds that of the horizontal. Sub-
stituting (24) in (25) and eliminating terms higher than the second
order in %,, we get ' ‘ '

. A2 Ie,
T (e +Eya?)

(26)

Using the numerical values shown in Section 1 and putting 2k, =5.10%,
Ay=py, we geb. :
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t, =86 km.

This results from the condition that ?1?)\1 ‘and @1 are approximately
zero not only at the surface r=«a’, but almost at any depth near the
same surface. v

4. The difference between shallow- and deep-focus earthqualkes.

The actual condition of the crust is such that stresses in the same
crust arise from two kinds of statical disturbances, namely, continental
loading and the spherical symmetrical central attraction, both being
gravitational. Even should the two distubances under consideration be
of the same origin, owing to the difference between the respective con-
ditions of their application it would be rather in order to consider the
additive effects of the two disturbances thus separated. ‘

The stresses due to continental loading may now be represented by

Cr=a; 7"771=0,
—_ = } (27)
r<a’; rry—06,= —f(1),
where f(») varies increasingly to a certain depth, but diminishes with
further increase in depth in consequence of the isostatic support of the
continent. f(#) may thus assume the empirical form

f(@)=cite, (28)

" where t is the depth and ¢,, ¢, are constants.
The spherically symmetrical central force gives rise to

=g Seme . | . : 9
1y — 00, = 15(114_2‘”1)7 (__go(o)),’ (9<a) (29)

7 being nearly equal to « in this case.

It may be assumed that, although not strictly so, the sum of —f ()
and ¢ () is the resultant stress condition of the actual crust, the
sign of —f(7) being always opposite to that of ¢(r). Thus, we get

Z(ﬁl-@l) =—c,te", [t< (a'—a)]
o . (30)
— = Tt IR ) o
2(7’)1—-001) =~-1~5—(;111'§’/;1')a~—01t6 2 [t> ((l/ —(L)]

from which it is possible to get the conditions
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SR -0y <2W, <ty
2k1<2(ﬁ1 —60,), (t<<t<<ty)
’ o (31)
— 2k, <37 (rry —00,) <2k, (T<tt<<ty)
Sy —00,) < —2k,,  (t,<t)

in’ which, in the majority of cases, {,<<(a'—a), t,>(a’—a), and £;>t,.

It appears that ¢,<<{<i, gives the depth corresponding to the case
of a shallow seismic focus and {,<<¢ that corresponding to the case of
a deep-seated earthquake. In the range t,<<t<Cf,, the value of the
vertical compression exceeds that of the horizontal, whereas in the
range t,<<{, the horizontal compression is invariably larger than the
vertical, the two ranges under consideration being plastic. The inter-
mediate range f,<<f{<{f;, on the other hand, is elastic in consequence of
the condition that the value ]2(1’?1—(’151)[ in such a range never exceeds
2k,. The reason why an earthquake of intermediate depth, say 100 km,
scarcely ever occurs will now be apparent.

The above result suggests that, generally speaking, earthquakes
are prone to occur at such depths wherein the condition of the earth’s
crust varies from elastic to plastic uncler gravitational forces. Since
from the nature of things, the value of f2(1ﬂ'1\'1—-?}¢\91)[ in the range of
depth ¢, <<i{<<f, does not greatly exceed 2k, {,<<t<<{, may be assumed
to be an almost continuous range within which exist shallow-focus
earthquakes. On the other hand, deep-focus earthqnakes generally
originate within a certain range of depth, say, from 200 km to 400 km.
In this range the condition of the crust varies from elastic to plastic.
No earthquake occurs at still greater depths because of the perfect
"plastic condition of the crust at such depths. It should, however, be
borne in mind that, for simplicity, we have dealt with the plastic prob-
lem of the crust of the outermost layer under the assumption that I,
is always constant. In the condition of varying %, as is actually the
case, the problem should be modified to a certain extent.

Added Oct. 20, 1937.—1t is possible to know that the folding as
well as the reverse fault can be formed by the horizontal compression
in excess of the vertical one as a mere result of the central gravitational
force, whereas the normal fault arises from the additional action of the
continental or mountain loading.




Part 4.] The Plastic State of the Earth under Gravitational Forces. 887
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