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37. Tilting Motion of the Earth’s Crust observed at
Ryozyun (Port Arthur).

By Ryuatard TAKAHASI,

Earthquake Research Institute.
(Read Mar. 15, 1932—Received June 20, 1932.)

1. Introduction. One of the most interesting facts which the recent
geophysical investigations in this country revealed, may be that the earth’s
crust has, at least in some part of it, mozaic structures and that it does
move incesantly, either related or not related with the occurrences of
earthquakes. These developments of our knowledge we owe solely to
the introduction of geodetic means to the study of earthquakes and other
geophysical phenomena. The existence of secular deformations of the
earth’s crust and the predominance of mozaic structure in certain regions,
have already become the facts of common knowledge in our country.
Studies on the size and motion of these land blocks, relations among
their size, the frequency of earthquakes and the geological structure, and
the general behaviours of their movements after remarkable earthquakes,
have been made in so through a manner that there now remain only
such problems about land blocks as those regarding their characteristics
or the statistics of their movements, except for the study on the funda-
mental phenomena of their behaviours.

The geodetic surveys which have given invaluable data for these
studies were mostly executed, however, in regions more or less disturbed
by earthquakes, only few of them having been made in regions entirely
free from disturbances of earthquakes. It is, therefore, of great im-
portance to ascertain whether or not the secular deformation of the earth’s
crust is equally existing in regions entirely free from the earthquake
disturbances. In these views, we have started to make observations on
the secular movement of the earth’s crust at Ryozyun (Port Arthur),
where no earthquake has been experienced since the middle of the last
century. The secular movement of the earth’s crust was known by observ-
ing the tilt of the ground by horizontal pendulums. According to the
results of the observation so far obtained, we may conclude that there
is no sensible secular tilt of the earth’s crust at Ryozyun. This conslu-
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sion, however, does not worth much confidence because the present
observation is too short and was interrupted for about two months under
an unavoidable circumstance.

We were fortunate enough, however, in having observed as a by-
product the tilting motion of the earth’s crust due to tidal loads in the
neighbouring seas of the observation station. The present writer has
already studied in this Bulletin the similar phenomena observed at other
places.” Investigations of the tilt of the earth’s crust due to tidal loads
are very important for the analysis of the earth-tides and, at the same
time, for the studies of the structure and rigidity of the earth’s crust as
well as that of the whole earth. Studies in these lines will give, there-
fore, much clue to the elucidation of the mechanism and nature of the
block movements mentioned above.

2. General description of the observation and the results obtained.
The present observation was made in the cellar of the wireless telegraph
office, belonging to the Ryozyun Engi-
neering College. The office is situated
on a hill in the west suburb of the city
of Ryozyun, and is ca. 62 m. high above
the mean sea level and is 12 km. Liao-tung Penn.
distant from the nearest coast line. The
location of the office is to be seen in
Fig. 1.

The instrument used in the pre-
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sent observation is a pair of the Ishi- K
moto tiltmeters. The tiltmeter is es- S\_\_/ §
sentially a horizontal pendulum of the 5 T

Zollner suspension, the movable hori- Fig. 1. Map of Ryozyun.
zontal rod, the suspension fibres and  Dotted area indicates sand-banks
the frame work being all made of fused  that appear at low water.

quartz. Suspension fibres are fused to the frame work and to the movable
rod. The instrument is therefore scarcely affected by the variation of
temperature of the surrounding air and is also entirely free from elastic
after-effect.. The angular position of the horizontal rod is recorded
continuously by projecting a light beam from a'light source and receiv-
ing the reflected beam from a mirror attached to the rod on a sheet of
photographic paper wound on a revolving drum, the drum being placed

1) Bull. Earthq. Res. Inst., 6 (1929), 85; 7 (1929), 95; 10 (1932), 145.
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at the distance of 1 m. from the pendulum. The drum makes one revo-
lution per week by a clock-work contained in its inside, the linear
speed being 4:2 cm. per day. Time-marks are recorded twice a day on
the record, at 6" and 18", by interrupting the electric current which
feeds the light source. The sensibility of the tiltimeter was calibrated
before its installation so that we can calculate the sensibility of the
instrument at any desired time, or adjust it to any predetermined value,
by measuring or regulating suitably the period of free oscillation of the
pendulum. Details about the instrument will not be described here as
they are fully given in Ishimoto’s paper.”

The cellar of the wireless telegraph office in which the pendulums
were installed has been left as it was digged down to the ground, and
is not lined by any material. A concrete box, which is 2m. X2 m. x 3 m.
in inside dimension, was half embedded into the floor of the cellar, and
the tiltmeters were placed directly on the bottom of this concrete box.
The concrete box is provided with a wooden entrance door and with
a roof covered with a thick layer of sand. The pendulums were installed
in the azimuths of 75° and 165° measured in the clock-wise sense from
north to east. The general view of the concrete box and of the instal-
lation of the tiltmeters will be obtained by Fig. 2. The sensibility of

Cellar

Fig. 2. Observing chamber.

the instrument was adjusted at the beginning of the observation so as
it gives the deflection of 2 cm. on the record corresponding to the tilt
of 1 second of arc. The sensibility has been calibrated since then many
times by measuring the period of free oscillation of the pendulum.

2) M. Ismmmoro, Jap. Journ. Astro. Geophys., 6 (1928), 83.



534 R. Tarxamast [Vol X,

The observation was commenced on Feb. 1, 1931, and has still been
continued. In the present paper, however, a part of the observation,
extending from April 1, 1931 to Feb. 3, 1932, will only be dealt with.
The actual observation, the installation of, and the attendance to the
instrument were kindly made by Mr. H. Watanabe, under the guidance
of Professor T. Hori, to whom the writer wishes here to express his

_hearty thanks.

In Fig. 8 (Plate LXXXIV) is given a reproduction of the record ob-
tained by the tiltmeter for the period from Mar. 30 to April 6,1931. The
straight line in the record is the datum-line produced by a fixed mirror
placed near the pendulum mirror, and the wavy carve is the record of
the tilt of the earth’s crust. In this figure as well as in the following,
the letters B, W, N and S are the directions towards which the ground
tilts down. The deflection of the tilt-curve to the side of the letter E
means, thus, that the crust tilts down to the east side. As can be seen
in the figure, the tilt of the earth’s crust at Ryozyun is composed of
variations respectively with a very long, diurnal and semi-diurnal periods.
These features of tilt will be made clearer by making a vector-diagram
such as given in Fig. 4. This shows a curve that a rod, planted perpen-
dicularly to the ground, will describe on the
celectial sphere, according to the tilting motion
of the ground.

Since the deflection of the tiltmeter corre-
sponds to the variation of the angle between
the direction of the plumb-line and the surface
of the earth, different causes can be enumerated
that will result it :

1. The change in the direction of the
plumb-line as the direct effect of the tide- Fig. 4.
generating force of the sun and the moon. Vector diagram of tilt.

2. Tilt of the earth’s surface due to the earth-tides.

3. The change in the direction of the plumb-line due to the defor-
mation of the earth caused by the earth-tides.

4. The change in the direction of the plumb-line due to the at-
traction of oceanic tides.

5. Tilt due to the load of sea water in oceans.

6. The change in the direction of the plumb-line due to the defor-
mation of the carth produced by tidal loads.

7. The tilt and the change in the direction of the plumb-line due

-
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to the periodic variation of the level of underground water.

8. The atmospheric tides both as load and as attraction.

9. The tilt of the ground due to the thermal stress produced by
- the variation of the atmospheric temperature and by the sun-shine.

10. Secular or cummulative tilt of land blocks or of the earth’s
crust.
11. Secular variation of the direction of the plumb-line.

The tiltmeter deflections are thus composed of many defletions which
is produced by various causes. It is therefore necessary for the detailed
study of the phenomena to analyse the observed deflection into these
component deflections. The first three of these items are inseparable in
the observation. Some of these causes are very small in amount and
need not be taken into consideration. In the following paragraph we
will analyse into different components the tilt observed during the period
from Oct. 20 to Nov. 17, 1931, in which the tilt due to the annual vari-
ation is smallest. '

3. Analysis of the observed tilt. We find by further inspection of
the record that there is tilt of the period of a few days, besides the tilts
alrcady cited. Being due directly or indirectly to meteorological vari-
ations, neither these tilts of medium period, nor the long perioded ones
can be treated by the method of analysis to be described later. We must
therefore eliminate these disturbing tilts in the first step of the analysis.
For this purpose, the overrupping mean was taken of every set of 25
successive hourly readings, and the average was assigned to the middle
epoch of the set. The average was calculated in this way for every
hour throughout the period taken for the analysis, and the values were
conneeted by a smooth curve, this being taken as the datum-line.

Deviation of each hourly reading from this datum-line was analysed
by the method of harmonic analysis. Hourly reading of the records
used for the analysis are given in Table I and are plotted in Fig. 5,
The method of harmonic analysis employed in the present paper is due
to A. T. Doodson,” details of which will need not be explained here.
The results were of course obtained after making all corrections such
as those due to the factor of reduction, acceleration in epoch, disturbances
among different components, reduction to local time, etc.

Results of the analysis are as follows:

8) A. T. Doopsox, Phil. Transact., 221 A (1927), 223.
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Comp. .
. M, S, N. [K.] K, 0, P] M, MS,
Tilt
Towards H' | 001745/ 0-01098 0:00506| 0:00296! 0-01861) 000638 0:00615/ 0-00101] 000052

azimuth

75° 227 247 225 247 299 277 299 311 36
qua-r&;s H'’ | 0:03323| 0:01575) 0-:00821/ 0-00423 0°02513 0-00985| 0-00832 0-00127| 0:00097
azimu

165° 304 340 318 340 249 276 249 218 317

These results give the component tilts of the crust in the azimuths
75° and 165°, measured from north to east.
tilts in east and south directions, they become as shown below.

When transformed to the

Component M, K, 0,
Tilt cos 2t sin 2t cos ¢ sin ¢ cost sin ¢
toward east —0°00669 | —0'01946 | +0°00638 | —0-02179 | +0-00102 | —0°00865
toward south +0:01825 002331 | -001104 | —001844 | +0-00079 | —0-00782

S

Numerals represent component-hours.

Fig. 6. Vector-diagrams of the observed component-tilts.

A
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Vector-diagrams of different component-tilts are given in Fig. 6.

We will in the next describe about the secular tilt of the earth’s
crust, which was the original aim of the present investigation to
observe. In Fig. 7 are plotted the averages of 12 successive hourly read-

|\
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1934 \’\‘\f“"‘/ 1932
Apr | May Jun. | Jul. | Aug, | 'Sep.| Oct. | Nov.| Dec. | Jan. | Feb.
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e
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Fig. 7. Annual variation of tilt.

ings. The absolute position of the right half of the tilt curve in the
figure is not certain since the observation was missed during July and
August. The figure may, however, probably represent the true tilt of
the crust without much errors. If this be granted, the observed long
perioded variation is an annual one, which may be due to meteoro-
logical and astronomical causes, but not a cumulative one. Astronomical
and tidal variations with an annual period must have their maximum
in July. Since the observed annual variation has its maximum in
October, it may mainly be due to meteorological cause or causes.

4, Tide-génerating forces of the sun and the moon. The tide-
generating potential of a heavenly body, the earth-tides produced by it,
and the variation of potential due to the earth’s deformation thus pro-
duced are of the same period and phase. If the change in the direction
of the plumb-line due to the tide-generating potential be TV, the tilt of
the crust due to the earth-tide, and the change in the direction of the
plumb-line due to the deformation of the earth will be —AW and LW
respectively. In the observed tilt, they are therefore superposed on each
other giving as total, (1+%k—h) W. The term (1+k—h) is called the
diminishing factor, which we will hereafter denote by R. W will be
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easily calculated by the following expressions.”

3
i %(i> cos A sin A G, cos 2 ¢ towards south
sin c
3 M a ‘ for M,;
; —) cosA Ghsin 2¢ towards east
" sin l’ ENe
¥ i) cos 2\ Gz cos ¢ towards south
" sin 1” E\¢
(for Os;
8 Mfa
- — sln?\G sin ¢ . towards east
sin 1" E\ ¢
3
24 <i cos 2\ 5 cos ¢ towards south
“sin 17 E\c¢
(for K.
3 M(a
- — sm?» Gssint towards east
sinl” E\ ¢
Results of the calculation are as follows :
Components M, S, K, 0,
cos2t | sin2t | cos?2t ! sin 2¢ cost sin ¢ cos ¢ sin
x4 ” ’ ’”
Towards east 0 —-0'01178 0 —0-00571 0 —0°00642 0 —-0-00482
Towards south | 0:00739 0 0"00358 0 ‘—0‘00220 0 - 000165 0
|
4) Notations: G;= - (,2) cost é,

Gy= [ (—1— +——ez> 2sin‘ I+ (l+iel ) 2G2 sint w+2 (% +%e’) (%-F%Jr)

1

x @ sin? I'sin® w cos 21/] z,
mass of Qx (mean di_stance of '() 3=C‘46164,
mass of ¢~ ‘mean distance of ®
M mass of moon,
I mass of earth,
a radius of earth,
¢ mean distance of moon,
A latitude of the place.
t hour angle of component fictious star or component hour,
e eccentricity of moon’s orbit,
I
w

G=

inclination of moon’s orbit to equator,
inclination of earth’s equator to ecliptic,
e; eccentricity of earth’s orbit,
v R. A.of intersection of moon’s orbit with equator.

L
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5. Attraction of the oceanic tides. The distribution configuration
of oceanic water varies with tides. Accordingly, its attraction working
at a station varies as well. We must therefore calculate for the present
analysis the amount of the deflection of a horizontal pendulum due to
this cause. In actual
calculations, the ethod
of mechanical integration
must be employed because
of the irregular distri-
bution of tides. Let the
height of sea surface above
the mean sea level be I in
an elementary area limit-
ed by radii », and 7 and
azimuths 8, and 6, the
station under question be-
ing the centre of the co-
ordinates.  Azimuth are
measured clockwise from
north to east, as usual.
Then the amount of change
in the direction of the Fig. 8. Component plumb-line deviations due to the

plumb-line due to the attraction of the moon and the sun.
Numerals represent component hours.

attraction of sea water in
this area is given by

L"‘i” (log r:—log 1) (cos 6. —cos 6,) towards east,
gsin

—737—;’-, (log r»—log ) (sin #,—sin 6;) towards south,
gsin

in which v, p and ¢ are the universal gravitation constant, density of
sea water and the acceleration of gravity respectively. In the above
expressions, b is a function both of time ¢ and the place. If we take,
for the sake of brevity, only M.-tide into consideration,

h = H,, cos (2L —{w)=H,, cos {,, cos 2{+ H, sin {,, sin 2¢,

in which H, and &, are functions of » and 6.
Now, if we take, in the mechanical integration, the successive steps
of # and 6 in such manners that )

log 7ps1—log r,=p, €0s O,1—cos 8,=¢q and sin Opi—sin O,=7,
o t=} b
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for all values of n, where p, ¢ and r being constants, the above ex-
pressions for the plumb-line deflection will be given by.

% [(3.H.,, €08 &m) cos 2t + (2 H,, sin §,,) sin 2t] towards east,
g sin

ﬂ%’_’ [(CH cos Em) cos 2+ (> Hy sin &) sin 2t] towards south.
g sin

In the present calculation p, ¢, » were all taken to be 0'1, and with
regard to ¢, the lunar time referred to the meridian 135° E was used.

° o
N4t 18 120° 122° 124° 126° 128°E

Fig. 9. A, Co-tidal and Co-range Chart.
Full lines—Co-tidals referred to 135°F meridian
Dotted lines—Co-ranges in cm.
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H,, and ¢,” were determined for all parts of the Yellow Sea and its
adjacent bays by the tidal constants of the ports situated on the coast
of the sea under question, with due regards on the depths and other
hydrodynamical conditions of the ocean. In Fig. 9 are shown the co-
tidal and co-range lines thus obtained and in Fig. 10 the chart which
gives H,, cos {n and H, sin {n. Harmonic constants of the ports used

Fig. 10.  Height of the sea surface
at t=0 : JImcos¢m, full lines;
and at ¢=III: Hmsin {n, dotted lines.
unit=cm.

5) ¢m=km—2(135°~L), where L is the longitude of the place.
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in drawing these charts are given in Table II.”

" The calculated amount of change in the direction of the plumb-line
due to the attraction of tides are given in the following table for successive
steps of r. They are already reduced to the local lunar time of Ryozyun.

Attraction of M,-tide Attraction of M,-tide
in Tkm. toward east toward south in i;m. toward east toward south
=107 &° |H'x10°| g° I"x10  k° |H''x10°| «°
126 189 311 194 311 39-8 5192 276 18080 297
1-58 852 311 980 3811 501 5872 273 19670 293
2:00 1684 311 1752 311 63-1 6300 271 21500 290
2:51 2698 311 2815 311 794 7130 266 23470 288
316 | 3577 311 3845 311 100- 8295 263 25370 286
3-98 8957 311 4220 311 126- 9772 258 27080 285
501 4498 311 4790 310 158 11480 256 28560 284
631 | 5250 310 5300 310 200- 13140 254 29610 283
794 5780 310 6985 310 251" 14852 256 29430 283
10-0 6153 308 8285 310 316 16260 258 28350 283
12.6 5850 305 10080 309 398- 16295 260 27200 284
15-8 5525 301 12020 309 501- 15230 259 26310 285
20-0 51385 296 13480 306 631- 14850 260 26130 287
251 4915 288 14900 303 794 15090 261 26250 288
316 4857 281 16540 300

6. Corrections for the slope of sea bottom. In the above calcu-
lation of the attraction of sea water, all the parts of sea bottom were
assumed not to appear above the sea surface, even when the tides are
at low water. Actually, however, there is |wide area which appears
above the sea surface at low water and that, too, in the port of
Ryozyun which is nearest to the station. We must correct therefore the
results obtained in the last paragraph for this effect. If we take

6) For the port where spring range or spring rise are known together with HL.W.I,
full and change, following relations were employed in obtaining harmonic constants,

. ' T I+ H
using approxXimate values for (xm —&s), 77; and —* Hm -
. _ i . 1 ise
km=20°T —tan-1— S0(Em=ks) . spring T = e
Tin _ 2 - 18 1+ o vAs
5 +cos (km—Ks) (H er,) 2( Hn + I, )




Part 8] T%lting Motion of the Earth’s Crust observed at Ryozyun. 545

M,-tide only into consideration for the sake
of simplicity, and assume that the diurnal %
inequality is negligible, and that the height i . %
of sea bottom is kH, above the mean sea H‘Jl\ k /
level, where 1=} = —1, the load acting upon ° " "
this area can be represented by the shaded
portion of Fig. 11, that is,
H,, (cost—F) for —h<t<t Fig. 1L
and 0 for << 27 —1y,
cot t; being equal to k. We have therefore over-estimated the load in
the last paragraph by the amount
H,.f(k, t;=Huk for — bt <ty
=M, cost <1< 27 15

Being of an un-harmonic form, the variation of the over-estimated

load involves harmonics of higher order than the first. But as far as

1.0 T T
\ . e y
y= Aot/ cosx+ Az co52x
A, + Azc0s 3%+ Aycost X
05
\——- /
\-\Ai_-—-——/
w
-05 \
-1.0 - |
Lo 0.5 0 -05 =10

K

Fig. 12. The graph fo. the calculation of the correction for the slope
of the sea-bed.
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we are dealing only with M,-tide, the first harmonics of the variation
of the above load alone gives contribution to the results of caluculation,
because the higher harmonics are of different periods and contribute to
My, M, ete. If we put then

Sk, t)=Ao+Arcost+ Adscos 2+ .. ..

we have Ay — sin & i t; cos tl’
w ol
Al:f:os t; sin t1+<1_£>7
™ T
2

(ncosnt sin t;—cost sin ngy).

T rn—1Dn(n 1)
In Fig. 12, we have given the values of 4,, 4i, ete. against the values
of 1 taken in abscissa.

By these considerations, we obtain as the quantities to be subtracted
from the results of the last paragraph

g:?ﬁg” H oo 08 (2t — 1009) 2 A4,

g:ﬁ];;” Hml) CcOos (Qt ‘_"‘le\) ZA],

where Ho, and «my are tidal constants of Ryozyun and are the same for
all the parts of the port. Summation is to be extended only for the
area where the bottom appear at low water. The amount of correction
thus obtained are
0-000272 cos (2t —811)=00001784 cos 2¢{—0- 0002052 sin 2¢
towards east,

0:000343 cos (2¢{ - 311)=0"0002250 cos 2{—0-0002587 sin 2!

toward south.

After making this correction, the amount of change in the direction
of the plumb-line due to the attraction of oceanic tides becomes
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L0002
E
0
0002
Fig. 13. Attraction of the oceanic if:-tide.
(Corrected for the slope of sea-bottom)
Numerals represent component hours.
Attraction of M,-tide
in {{m‘ Towards east Towards south
cos 2¢ sin 2t cos 2t sin 2t

3.98 400000811 —0-0000931 +0"0000517 —0-0000596

501 -+ 1162 - 1342 + 0830 - 1083

10-0 + 2008 - 2798 + 3073 - 3763

20-0 + 0468 - 2558 + 5680 - 8323

501 - 1477 - 3808 + 5430 - 15513
100 - 2794 - 6178 + 4749 - 21813
200° - 5405 - 10553 + 4420 - 26223
501- - 4690 - 12388 + 4565 - 22813
794 - 4144 - 12852 + 5861 - 22379
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7. Bending of the crust due to tidal loads. The main part of
the observed amount of tilt is due to the bending of the earth’s crust
by tidal loads and those tilts already calculated in the above several
paragraphs. There are several other causes, as mentioned above, that
can produce the tilt of the crust or the change in the direction of
the plumb-line, but their amounts are negligibly small. The tilt of
the crust due to tidal loads will therefore be obtained, when the values
which were already calculated above are gubtracted from the observed.
Thus, it will be our next step to consider in what manner the tidal
loads produce the tilt of the earth’s crust.

Boussinesq” solved a problem of surface loading on ‘a semi-infinite
homogeneous elastic solid. According to him, the tilt of the surface of
the elastic body due to a load is given by

At2p fhda'
477'(7\-{-;1,)/1. oa,

A and p being Lamé’s constants. On the other hand, the change in the
direction of the plumb-line due to the attraction of the same load will
be written as

vp 9 ( hdo

g axf r
Therefore the tilt of the earth’s crust due to the tidal load is equal in
amount to the deflection of the plumb-line due to the attraction of the
load multiplied by

__ M2 g°

dr(h+p)p v

If we take A=p, and express g in units of 10° c. g. s., we have

0=172

14

Boussinesq’s solution holds good, however, only for a homogeneous
non-gravitating elastic body, and it is of much questions whether or not
it can be applied equally to the actual earth in its unmodified form. In
and on the actual earth’s crust, there exist many topographical irregu-
larities as well as geological heterogenieties. The earth’s crust is very
far, from all points of views, from homogeniety. Even if we imagine
that these irregularities or heterogenieties exist only within the upper-

'7) Love, * Math. Theory Elasticity.” Cambridge Univ. Press (1927), 193.

b )
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S

Fig. 14.
The part of the observed tilt which is due to Jf>
tidal loads. Numerals represent cormponent-hours.

most part of the earth’s crust of several ten kilometers’ thickness, and
this may probably be near the truth, there exist still in the crust many
layers of different rocks, the elasticity of which increasing with depth.
Recently M. Matsumura® and G. Nishimura” have solved inde-
pendently, and with interesting results, the problem of surface loading on
a one-layered elastic body. Their results, however, are rather complicated,
and do not seem to be expressed simply as that of Boussinesq was.
With the actual earth, matters are so complicated that it is not far from
impossibility to treat it mathematically.
. It is, however, probable that in producing tilts at a point by a load,
only surface layers of the crust partake in the play when the distance
between the load and the point is short, and as this distance increases,

8) M. Marsumura, Journ. Civil Engin. Soc., 17 (1931), 813, 1121, (in Japanese).
9) G. NisaiMURa, Bull. Larthqg. Res. Inst., 10 (1932), 23.
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deeper layers come into play more and more. This is equivalent to
regard A and g in ® to be functions of distance between the load and
the station. If we can know by what functions of distance these ef-
fective elastic constants are to be expressed, we will obtain a clue to the
elucidation of the subterranean structure near the station. In the fol-
lowing pages, we will call the rigidity in such meanings as effective
rigidity. 'T. Shida™ assumed, by similar considerations, the effective
rigidity of the earth’s crust to be a linear function of the distance and
determined the coefficients of terms of the function. The author assumed,
in several papers already published, the e{ertive rigidity to have a uni-
- form value—say ps—within a certain distance d from the station, and
beyond this distance to be infinitely large. By this assumption, he
determined the values of d and g, for several observations. For obtain-
ing the relation of the effective rigidity to the distance, it is a custo-
mary process to assume it to be a power series of distance and find the
numerical values of the coefficient of each term. For this method, a
large number of tiltmeter observations are necessary that are executed
at different places, so this cannot be realized for the present case.
Though the assumptions for the effective rigidity made by the author
and by T. Shida are equally nothing but the first approximation, there
exist many experimental facts which seem to be in favour of the author’s
assumption.

If a solid rectangular block was pressed down upon a layer of sand,
surface depression occurs within a short distance from the pressed area,
but beyond this distance the sand-pile behaves as if it were perfectly
rigid. Similar phenomena can be observed with plastic materials such
as rice-jelly, asphalt, ctc. T. Terada and N. Miyabe™ have observed
similar phenomena during his experiment in which he pressed a sand-
pile laterally. ‘On the other hand, it is a well-known fact that rocks
have elastic properties different from those of metals and other common
clastic bodies. For most rocks, Hooke’s law does not hold good, even
in the laboratory experiments with small specimens. It will not be
absurd to imagine, then, that the crust which is composed of these rocks
has peculier elastic characteristics, especially against such long-perioded
forces like those treated in this paper, since it is of large scale and in
the strong field of gravity. The earth’s crust may, in this respect, be

10) T. Smpa, Mem. Coll. Sci., Kysto Imp. Unir., 4 (1910), 1.
11) T. Teraps and N. Mivaeg, Bull. Larthq. Res. Inst., 4 (1923), 33; 6 (1929), 109 ;
7 (1929), 65.
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considered to resemble rather a sand-pile. Block structure of the crust
may also be cited as in favour of the author’s assumption.

In these views we will next treat the tilt of the crust observed at
Ryozyun. If we extend the calculation of the change in the direction
of the plumb-line due to the attraction of sea water to successive steps of
distance from the station, calculated change will be expressed by the

forms
' ~ Acos2(+Bsin2t towards east,

C cos 2t+ D sin 2¢ towards south,
where A4, B, C and D are functions of distance. In Fig. 15 are given
these quantities against the distance taken in logarithmic scale. We
have then the following four equations:
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Fig. 15. Attraction of oceanic M.-tide.

ﬁc?ﬁ?zici?dg Earth-tides Tidal loads Ovbai;?;ed
—0 00041 ; +172 Al po= —0°00669
—0°00129 —001178 i +172 B[uo= — 001946
4000059 +0'00739 R +1720/po= +0°01825
—0:00224 . +172 D|po= —0-02331,
or ”

172 A pa , = —0-00628,

172 Blpo —0-01178 R =—001817

172C/po +0'00739 R = 4001766

172D | ps =—002107,
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For the purpose of determining the values of g, and R from these
equations we have constructed Fig. 16, taking u, and distance as co-
ordinates and R as a parameter. Theoretically the four curves 4, B, C

It ' o/ s
. N/ %'Qz/

18
N2
~X\
\
!
!

20

25 50 700 200 400 800
Distance

Fig. 16.

and D in the figure must intersect at a point for some value of E, the
point of intersection corresponding to the effective rigidity w, and the
distance d beyond which the effective rigidity becomes infinitely large.
In TMig. 16, we cannot however find such a point; we will therefore
determine a point which satisfies the above condition with minimum
errors. In the figure, KXK' curve is the locus of intersection of B and
C curves. We have therefore adopted as the point of minimum errors
the point which lies on the curve KK, and is equi-distant from 4 and
D curves, because 4 and D are nearly parallel. From the co-ordinates
of this point, values of o, d and R were obtained as ’

wo=6"9x10" c.g.s.

d=50 km.

R;O'S .

The value of R, thus obtained, is very near to those which were
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hitherto determined by many authors. The present value of R gives
16 x 10" c. g.s. as the rigidity of the earth. The value of uo, obtained
here, is very small, being nearly equal to the rigidity of andesite. The
effective rigidity at a station is a sort of average value of the rigidities
of rocks which lie near or under the station, so it must have a value
which is near to those of rocks prevailing at the station. Rocks that
are predominant at Ryozyun and its neighbourhood, belonging to paleo-
zoic or archean ecra, have, however, rigidities which are larger than the
value of the effective rigidity here obtained.

This discordance of the values of rigidities is partly due to the
deficiencies which may exist in the observation and in the treatment of
the results of the observation. The main part of this discordance will,
however, probably be due to the conditions under which rocks are in
the actual earth’s crust. Since the earth’s crust resembles, as mentioned
above, rather a sand-pile in respect of its elastic characteristics in such
conditions, its effective rigidity may also be of small value just like the
sand is. Then the value of the ecffective rigidity obtained here is very
reasonable, but never absurd.
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Table I. Hourly readings of tiltmeter records.

1931 Pendulum I (Azimuth 75°)
Oct.
20 21 22 23 24 25 26 27 28 29
h rr ’ ’” ’” [ ’ rr g rr ’r

0 | 71418 | 7-0725 | 7-0344 | 6:9954 | 69409 | 6:9276 | 7-0593 6:9798 | 7:0655 | 7-0500

1 434 780 344 923 424 308 585 643 528 305

= 372 842 375 939 479 362 655 588 414 118

3 341 905 437 978 557 448 772 643 351 | 69978

4 279 928 538 | 7-0102 643 565 889 752 398 954

5 208 811 593 118 713 728 | 7:1006 876 484 | 7:0032

6 161 655 601 133 705 939 123 985 577 203

7 107 500 577 118 643 946 2321 7-0110 655 344

8 029 336 461 032 565 954 333 188 671 414

9 | 7-0928 165 305 | 6-9931 463 876 356 258 671 414
10 842 048 172 759 347 721 201 266 640 352
11 757 024 110 526 238 34 | 7-0889 219 585 352
12 663 063 032 409 175 410 476 196 585 383
13 577 141 040 471 199 339 | 69985 258 671 468
14 577 203 118 526 3156 409 798 344 788 546
15 694 328 196 580 409 557 876 429 936 640
16 811 445 258| 658| 479| 783|7:0063| 554| 71076| 718
17 811 562 266 713 510 | 7:0032 539 694 162 811
18 811 577 258 721 518 235 546 889 201 905
19 772 538 211 718 479 437 577 | 7:1053 201 990
20 725 429 188 658 409 624 577 146 123 7-1021
21 663 359 126 588 331 772 492 123 021 | 7-:0967
22 655 | 344 094 526 292 803 266 045 | 7-0878 819
23 655 I 344 017 456 276 686 | 69985 | 7-0811 671 671

Nov
30 31 1 2 3 4 5 6 7 8
n rr r .’ v’ P 7 123 r e 44

0 | 70507 | 70188 | 69705 | 6-9682 6:9697 | 6:9565 | 6-9798 | 7-0585 | 7-0686 | 7-0500

1 359 | 6-9946 635 635 611 63 798 640 648 422

2 274 783 573 565 534 627 806 687 632 422

3 211 666 510 502 479 596 814 733 655 500

4 180 643 432 471 471 557 798 733 710 570

5 180 643 362 417 449 487 775 702 749 585

6 219 635 339 409 378 463 721 648 733 562

7 328 627 409 487 308 409 643 562 609 445

8 344 588 456 557 206 347 534 492 422 274

9 235 534 409 565 128 308 362 429 250 040
10 079 463 292 534 082 261 199 492 | 6:9985 | 6'9814
11 | 69915 401 175 440 027 253 175 655 798 635
12 791 331 097 308 019 308 253 928 798 573
13 721 284 035 222 012 471 393 | 71162 939 580
14 674 292 019 129 012 627 549 286 | 7-0141 713

15 697 362 02 097 004 643 721 349 344 876
.16 767 432 051 113 004 635 931 356 5311 7°0126

17 900 557 097 175 (04 635 | 70196 356 733 328
18 | 7-0110 643 175 2 004 643 492 310 936 336
19 320 721 292 409 | 019 689 577 201 | 7-1087 266
20 453 775 40 510 090 752 577 123 | 7-0967 110
21 507 791 580 611 175 798 577 | 7-0990 811 | 6:9962
22 500 783 650 689 331 798 577 850 679 822
2 398 736 705 721 448 798 577 741 557 674

(to be continued.)
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Table 1. (continued.)
9 10 11 12 13 14 15 16 17

n i rr 7 7. 7 77 ’r rr ’

0 | 69518 | 69386 | 7.0801 | 7-1894 | 7-2291 | 7.2089 | 7-2688 | 7-1886 | 7-1995

1 417 238 671 754 135} 7-1980 541 730 941

2 409| 175 585| 629 7-1933| 808| 338 590 863

3 487| 284 632| 551 746| 637| 159| 497 | 746

4 580| 417| 780| 548 543| 473 058| 403| 629

5 658 565 | 7-1006 645 43 427 026 349 536

6 721|635 201| 754| 512\  434| 042 356, 497

7 721 643 349 824 590 528 112 434 442

8 611 565 434| 824| 590| 676| 198| 442| 442

9 347| 370\ 434 738| 504 824 198| 419| 473

10 167| 214| 841| 520 356| 948 120| 856| 543

11 097 105 162 310 271 | 7.2073 003 325 676

12 027 097 107 224 271 190 | 7.1886 279 948

13 019 206 123 279 349 283 769 279 | 7-2213

14 023 432 232 356 512 361 715 279 408

15 175|  736| 388| 512| 691 361| 668 =294| 517

16 487| 770063 | 575\ 746| 833 276| 621, 380| 525

17 705 492 816 980 972 213 629 551 525

18 822 928 995 | 7-2229 | 7-2073 291 668 777 564

19 876 7-1123 | 7-2151 470 159 463 730 964 603

20 884 138 213 650 229 603 808 | 7-2019 634

21 830 107| 213 626 283| 6SI| 894\ 058| 650

22 705 006 159 525 283 751 964 053 681

23 565|7.0905| 058| 400| 213| 759| 956| 050 774

1931 Pendulum II (Azimuth 165°)

Oct.
20 21 22 23 24 25 26 27 28 29

h i 4 7 ’ rr ’r " . . ’”

0 | 54397 | 54264 | 54789 | 54468 | 54060 | 54193 | 55131 | 5-5758 | 56016 | 58242
1 366 182 652 264 | 53846 | 53984 | 5-4876 514 661 | 57946
2 866| 162) 570 121| 652| 83G| 692| 274| 406| 554
3 381 295 519 060 519 800 524 080 182 243
4 407 447 560 065 504 907 463 | 54927 008 | 56987
5 407| 555| 62L| 137| 591|54086| 478| 835 003| 819
6 846\ 575| 723| 254| 754| 284 647 922 054| 809
7 2791 570 85| 897| 907 545 912| 5:5187| 202 916
8 223 636 973 585 | 54080 805 | 5-5243 590 457 | 57273
9 1671 7131 55019 723|172 55009 539| 973| 814| 783
10 131 713 | 54978 672 213 090 641 | 56401 | 57191 | 58155
11 106 672 825 494 193 090 636 641 503 466
12 111 600 596 264 014 029 514 656 630 604
13 1671 565| 437 | 11153831 | 54866 376| 559| 559| 497
14 295 585 453 009 652 667 218 365 355 268
15 407 | 672 52953999 | 601| 519 131| 263 263| 038
16 514 876 621 | 54029 652 468 095 258 222 | 57936
17 641| 5:5055| 774 111| 831| 499 136 406| 258| 936
18 723 182 932 213 | 5-4009 621 274 610 375 | 58002
19 723 |  228|55080| 366| 193| 830 437| 834| 5354| 109
20 682 187 131 519 341 | 5-5049 590 | 5-7018 783 232
21 606 131 080 550 494 228 753 120 | 58058 364
22 509 | 039|54876| 427| 570| 33 876 | 171| 222| 476
28 381|54927| 677| 23| 417 385| 891| 120| 298| 543

(to be continued.)
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Table \I (continued.)
Nov.
30 31 1 2 3 4 5 6 7 8
I ' ’” ” ’” (3 ’” 4 I 14 rr
0 | 58497 | 58650 | 58273 | 57824 | 5-7936 | 5:7288 | 57278 | 56406 | 5:6151 | 55947
1 268 446 166 834 992 350 207 309 | 5°5998 718
2 57951 201 | 57987 752 997 375 161 304 937 539
3 30 | 5:7911 787 33 936 385 120 314 973 539
4 324 630 503 299 733 375 120 386 | 5.6126 590
5 084 334 273 038 579 283 115 457 253 743
6 018 181 120 | 5-6855 344 100 079 528 406 911
7 105 207 095 763 242 | 56931 018 610 508 | 56075
8 350 334 171 804 217 834 | 56947 681 610 202
9 732 528 370 901 222 778 840 743 661 330
10 987 737 503 | 57044 227 768 748 758 610 319
11 58186 36 610 222 273 789 630 661 508 049
12 278 | 58166 686 477 329 845 528 457 457 | 55743
13 308 293 732 631 380 931 498 330 483 488
14 293 222 747 834 421 | 57115 590 375 528 335
15 242 120 732 936 426 355 783 513 600 463
16 166 | 5:7962 656 982 416 579 967 712 681 769
17 125 834 528 911 375 732 | 57140 931 778 | 56029
18 140 763 395 814 324 783 258 | 57079 916 228
19 222 778 314 778 273 788 268 166 | 57018 406
20 344 849 350 758 222 732 151 069 | 56936 477
21 472 987 477 758 212 599 | 56931 | 56865 666 416
292 594 | 5:8094 574 783 222 477 732 63 432 166
23 665 222 701 860 248 375 523 381 151 | 55855
9 10 11 12 13 14 15 16 17
h ’” ’ ’ ’ L ’ ’ ' ’e
0 | 55478 | 55641 | 55947 | 5-6100 | 5-5845 | 55029 | 5:3973 | 5 3009 | 5-3448
1 151 248 641 | 55845 498 | 54907 927 091 463
2 | 54851 | 5:4902 335 539 151 636 805 091 443
3 723 70 044 233 | 5°4810 402 576 | 52938 346
4 754 458 | 54907 | 5-4922 519 188 244 734 193
b5} 876 483 866 662 279 | 53973 | 5-2913 530 040
6 | 55080 590 937 565 091 902 637 367 | 52979
7 437 794 | 5-5131 621 014 897 448 224 964
8 794 | 55141 442 861 203 958 295 178 004
9 973 539 758 | 5-5182 596 | 54101 275 234 | 53127
10 993 632 978 549 927 315 352 377 295
11 774 641 | 5-6049 682 | 5:5100 570 505 556 550
12 452 457 | 5:5947 682 141 922 - 632 775 805
13 243 264 794 559 131 | 55090 724 938 | 5-4086
14 100 106 641 432 080 126 765 | 5-3071 366
15 141 049 488 310 5-4983 080 734 ‘168 590
16 284 182 437 218 922 | 5:4856 663 259 779
17 508 417 503 182 825 570 581 341 896
18 702 677 614 243 723 172 530 341 937
19 896 896 830 417 657 | 5:3754 515 234 876
20 | 56090 | 56100 | 56008 614 647 596 550 213 749
21 182 223 182 820 738 611 632 275 621
22 136 268 299 896 891 744 754 336 a7
23 | 5-5922 161 304 901 | 55004 907 887 397 652
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Table II. Tidal constants of the ports.””

Places Lat. Long. Hm Km
Shanghai 51° a1 121° 30 95 36"
Wei-hai-wei 37 29 122 13 61 297
Takou 3 59 117 42 94 95
Tang Luan Tsu 37 59 120 42 56 202
Nan Fan Chen Tao 38 21 120 54 60 309
Schichon Tao 39 25 121 15 43 41
Daikokuseki 3 58 121 18 56 359
Yang Tan Wa 38 47 121 08 61 331
Port Arthur 38 48 121 14 83 311
Hsiaoping Tao 38 49 121 81 89 304
Dairen Wan 3 56 121 3 100 297
Tseng Chia Tun 39 08 122 06 115 287
Tsao Tao 39 29 123 (45 158 268
Taku Sham road 39 46 123 33 193 272
Autung 40 08 124 24 74 337
Neu-am Po 39 56 124 - 21 161 297
Tetasa To 39 48 124 25 215 263
Banzo Retto 30 41 124 27 205 253
Napu Somu 39 16 . 124 43 192 247
Unmu To ) 39 2 125 07 222 255
Dauchin I. 38 37 125 00 154 226
Pio Sem. 38 40 125 06 167 244
Ping Yang Inlet © 88 39 125 35 204 262
Gets nal To 38 03 124 49 106 161
Taityoku To 37 50 124 43 99 157
Kotu Semi 37 44 125 33 198 139
Tyumun To 37 39 126 14 270 139
Chemulpho . 87 8 | 126 34 293 134
Tokutyoku To 37 15 126 09 248 122
Tyonsu Wan 36 23 126 2 226 98

(to be continued.)

12) Taken from “ Tubles of Harmonic Constants,” Intern. Hydrogr. Bur. Monaco (1926),
and “ Nippon Kinkai wo Tydseki (Tides in the Adjacent Seas of Japan.)” Hydrogr. Bur.
Japan (1905).
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Table II. (continued.)
Place Lat. Long. H Km
Weyon To 36" 13 126° 02 75 85
Pikken To 36 07 125 59 179 81
Otyon To 56 02 126 82 213 79
Kokunsan Ganto 35 49 126 25 226 85
Manma To 35 21 126 01 169 60
Koroku To 35 03 126 03 142 43
Hamupyon Wan 35 c9 126 41 189 57
Mokuho (Yong Sau) 34 45 126 22 116 51
Pukkan Suido 34 52 126 06 142 34
Paruku Po 34 36 126 01 117 11
Hatai To 34 32 126 03 109 5
Sanse Somu 34 20 126 04 3 346
Tin To (Chin Do) 34 30 126 12 113 31
Tin To (Kapu To) 34 24 126 19 92 342
Gobaro To 3 27 126 25 98 308
Huwapukuni 33 31 126 35 66 301
Soki Po 33 14 126 33 77 271
Tetun Somu 34 10 127 18 92 266
Soan Ko 34 08 126 38 85 295
Tyotyokura 3¢ 22 126 47 107 263
Mato Suido 34 25 126 51 113 286
~ Sontyuku Po 34 17 127 22 94 276
Kokkumu-Suido 34 30 127 09 110 275
Nano Retto 34 28 127 29 105 268
Kamakkupataan 4 4 127 45 102 252
Suni To 37 45 125 20 154 145
Place Lat. Long. Spring rise iyoiafgél
Ki-kou 38° 85 17" s 320 4 30
Pei-tang Ho Kou 3 07 117 44 275 3 0
Tchi Ho 39 06 118 50 198 1 20
Luan Ho 39 16 119 70 152 1 30
Tai-shuchi-Ho 39 49 119 30 183 0 15

(to be continued.)
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Table II. (continued.)

i

H.W.1I Full

Place Lat. ‘ Long. Spring rise and Change
Chan-Hai-kouan 39° 59 119° 49 183 o 00
St. Ubes Pt. 40 18 | 120 32 230 4 50
Kiu-tcheou 40 48 1 121 0 328 5 30
In-kou 40 43 122 14 394 5 0
Vansitarts Saddle 40 12 122 0 328 4 20
Collio-San. B. 39 30 121 17 262 2 80
Port-Adams 39 26 121 44 328 2 00
Kin-tcheou B. 39 06 121 42 . 262 0 15

Place Lat. Long Spring range I;Inévclh aI; l;;g
Chan-toung Prom. 377 122° 42 293 4 00
Sang Koon B. 37 08 122 27 226 0 45
Nanking 32 10 18 55 181 10 50
Hang-Tcheou B. 30 14 120 14 450 11 35
Chi-Pou 29 57 121 47 289 1 00
Tai-tcheou I. 28 24 121 52 463 8 50
Min-Kiang Kou 26 02 119 40 624 9 45
Min Kiang 26 03 119 24 633 0 30
Kiao-tcheou 36 00 120 20 374 4 50
Nioutchuang 40 35 122 00 357 4 3

. Ticu-tsin 39 09 117 11 136 6 50
Hoang-Ho Kou 37 54 118 34 320 4 00




