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§ 1. Introduction.

Since its discovery by G. Folgehraiter,” the natural remanent
magnetism of igneous rocks has been studied by a number of investi-
gators, the fruitful results of which have accumulated considerably.
J. Konigsberger” and ‘Nagata® especially examined the physical
mechanism of its development. Although the physical mechanism
that is the cause of the remanent magnetization in micro-crystals of
ferro-magnetic min_erals in igneous rocks has not yet been thoro,llghiy
cleared, judging from experiments made, there is little doubt that it
is developed during cooling of the rock-sample in a weak magnetic
field from a temperature exceeding its Curie-point, whence it is called
thermo-remanent magnetism.

On the other hand, it was found from Nagata’s® experiment that
the natural remanent magnetization of igneous rocks thus developed is
fairly stable. In other words, it has been demagnetized but slightly
during that long perlod from the end of the Tirtiary to the present
time. Since, the bulk of the sedimentary rocks consist of fragments
of igneous rocks, except in a few cases, such, for example, as lime-
stone and siliceous rocks, the sedimentary rocks too ought to contain
some permanently magnetized ferro-magnetic minerals. Were the di-
rection of permanent magnetization of ferro-magnetic minerals contained
in sedimentary rocks distributed at random, the resultant intensity of
permanent magnetization of a sufficiently large mass of that sedimen-
tary rock would be much small. If, however, the distribution in direction
of magnetization along a special direction were particularly dense com-
pared with those distributed in other directions as the result of the

1) G. FOLGHERAITER, Rend. Acc. Lineci., 3 (IT), (1894), 53.
2) J. G. KONIGSBERGER, Terr. Mag., 43 (1938), 119, 299.

3) T. NAGATA, Bull. Earthq. Res. Inst., 20 (1942), 192.

4) T. NAGATA, Bull. Earthg. Res. Inst., 21 (1943), 1.
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geomagnetic force af‘fectmg the magnetized ferro-magnetlc minerals
during their deposition, the resultant intensity of residual magnetization
of that sedimentary rock will be fairly intense, it being presumed to be

correlated in some way with the direction of the geomagentlc force
~ affecting the deposit.

~ Assuming that the direction of residual permanent magnetization
of the sediments exactly agrees with that of the'geomagnetic force
that affected the sediments. in the course of their deposition, A. G.
McNish and E. A. Johnson® estimated the general mode of secular
variation in geomagnetic field from the direction of residual permanent

magnetization of a number of rock samples” collected from various
* depths of horizontal strata of verve and clay in the Pacific' Ocean.
Although a few rough determinations of residual magnetization of
sedimentary rocks for special purpose have recently been published in
~connexion with® oil exploration, the work of McNish and Johnson stands
out as the most interesting from the geophysical point of view, although
all that they found was a mere trace of secular variation in geo-
magnetic field that remained on a sort of sediment in a certain district
of U.S.A. for long geological periods. :

For these reasons, it seems that we ought, first of all, to examine
the nature of the natural remanent magnetism of sedimentary rocks,
particularly, in connexion with the reliability of that important assump-
tion that the direction of remanent magnetization of horizontally laid
sedimentary rock agrees with that of the geomagnetic field - that
affected the sediments during their deposition. Even should this
assumption be found sufficiently reliable, there still remains the further
need, in order to gain a general aspect of secular variation in geo-
magnetic field, to collect data covering the direction of the natural
remanent magnetization of horizontally laid sedimentary rocks of various
ages found in as many regions as possible on the earth’s surface.

It is with this idea in mind that we also took up the study of

the nature of natural remanent magnetlsm of sedimentary rocks found
1n Japan.

§2. The Dir ection of appcuent residual magnetization of a mass
consisting of fragments of igneous 7ocks deposited in the earth’s
magnetic field. :

A piece of volecanic rock (ohvme-basalt ejected from Volcano Mi-

5) A. G. McNisH and E. A. JOHNSON, Terr. Mag., 43 (1938), 393, 401.
6) E D. LYNTON, Geophysics, 3 (1938), 122; 4 (1940), 393.

. C. ROBERTS and E. R. WEBB, Rep. Tech. Mecting Oil World Exposition,
- Houston, Tcxas, (1939), 24.




278 T. NAGATA, K. AKASI and T. RIKITAKE. [Vol. xx1,

hara),” the normative amount of magnetite in it being about 4 percent,
was crushed into small pieces, the diameter of which were less than
005 mm. After these were heated in air to 700°C, they were slowly
cooled to room temperature in a magnetic - field of 4-0 Oersteds, the
rock fragments after this treatment acquiring the so-called thermo-
remanent magnetization, the specific intensity of which was about
0065 e.m.u.. -

Into a glass tube, 26 mm diameter and 197 em long, filled with
water, and set in a vertical position, these rock fragments were dropped,
a few pieces at a time, from the upper end of the tube, the particles
then settling at the bottom. The velocity of descent, naturally, differed
with the size of the particles, the largest particle descending with a
velocity of 2 em/sec and the smallest at that of 0:003 em/sec. The mean
velocity of descent was probably about 0-01 cm/sec.

To the lower end of the glass tube was connected a cylindrical
glass bottle on which was marked the geomagnetic meridian. After
all the fragments had been deposited in the glass tube, the water in
it was slowly run outs the glass tube itself being also disconnected
after the operation. The bottle containing the deposited fragments was
left to stand in the shade for about a week. The deposited frag-
ments of rock, then, almost coagulated, practically speaking. The
direction of magnetization of this coagulated mass of fragments in the
bottle was measured with an astatic magnetometer. An example of
the results is given in Fig. 1, showing the declination of magnetization
with respect to the geomagnetic meridian. As will be seen from this
figure, the horizontal direction of apparent magnetization of the sedi-
ment exactly agrees with the geomagnetic meridian® It is worth while
noting here that the specific intensity of apparent magnetization of
the mass of sediment was about 0-023 e.m.u., that is, about one-third
that of the initially magnetized mass of fragments. This experi-
mental fact seems to show that each fragment of magnetized ferro-

o

7) T. NAGATA, Bull. Farthq. Res. Inst., 18 (1940), 102, 281. .

8) The observed values given in Fig. 1 were subjected to Fourjer analysis, the
distribution of magnetization along the horizontal circle on a sphere containing the
mass of sediment at its centre leing approximately given by

M =0745¢08 (f - 0-°5) -+ 0-025 cos (20 — 16°) —0-005 cos @0+71°),

where the azimuth is measured from the geomagnetic meridian. '

As shown in this result, compared with that of the first harmonic, the coefficients
of higher harmonics are negliglble, while the direction of dipole ‘magnetization cor-
responding to the first harmonic agrees with that of. the geomagnetic North with an
grror of only 0-5 degrees, : f
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magnetic mineral as it fell in the water was subjected to the earth’s

magnetic field, with the ‘

result that, statistically MG’ | Mag N

speaking, the mean direc- 4 r !

tion of magnetization of

the total mass of deposited 2

fragments agrees with that

of the earth’s magnetic !

field. 90 1O\ 270
We shall next briefly

deal with the general be-

haviour of a magnetized

particle that is deposited -4 "

through water in a uni- 1 Mag§

form magnetic field. De- Tig. 1. Magnetization of a mass of deposit.

noting then the mass, moment of inertia, and the magnetic moment of

the deposited particle by m, I, and ¢ respectively, and the - coefficlents

of resistance due to viscosity of water for translation and rotation

of the particle by v and 2 respectively, the equation of motion is

given by N

d2z dz | :
m~d—tf2~.= —v—zi?+”n..g N . (1)

dze dd »
I‘(EE'—‘-—[IFSIIIH )dt (2)»
where F is the mtens1ty of applied magnetic field, # bemg the angle
of deviation of /1 from F.
d .
Assuming that (2);.,=0 and (d—i) =0, we get for the solution
. t==0
of eq. 1)

m m2 v,
. = 5 gt+7g(e m —1). (3)

. v,
Since, however, practically Wt>1’

g (t—i’i) , @)

v

or more roughly,

=gt e
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Similarly, sinée ' dt2 </ ~i in eq. (2) (the rotation of a particle

in water being very slow, 1ts motion being quasi-stationary), eq. (2)°
becomes approximately :

7 ‘ -
A = e H. /

pn ¢Fsin (2")
Then, (=0, when t=0 being assumed, the solution of eq. (2') is given
by : . _

‘ f 0, F
tan 5 Ttan7exp<~ 7 ,ut) . (4)

From relation (4) it will be seen that ¢ is determined by the product
of s and ¢, provided #,, F, and A are kept constant. This result will
give the law of similitude between the behaviours of particles deposited
in the sea and in water in a glass tube, seeing that the intensity. of
geomagnetic field /' during geological ages and the quantity 4 depending
on the dimensions of the particle and the viscosity of water will not
differ much from- those given in the mbdel experiment just descrlbed
On the other hand, we see from eq. (3”) that the time required for
deposition of a particle from the surface of the water to the bottom
is approximately proportional to the depth of water k in the two cases,
the sea and the water in a glass tube. It may then be expected that .
the behaviour of a magnetized particle with its magnetic moment [
deposited in a tube of water to a depth of 2m, corresponds to that

of magnetic moment, s, deposited in the sea, h,=h, Z

deep. Since, in

s

_ actual experiment, I, =2m and v'E’—:lO««’)O,’D it is concluded that the
result of our model experiment corresponds to deposition of ordinary
fragments of igneous rocks in a sea or lake that is about 20~100 m

~ deep.
Further, if we assume that ¢, is distributed uniformly in all
directions between 0 to 27 at the initial state of ¢=0, the number of

9) Since, as already mentioned, the intensity of magnetic field applied during
the development of thermo-remanent magnetization of the test sample was 4-0 Oe.,
i.e. abuut ten times the actual geomagnetic field, it is assumed that #. is about ten
times /s, the intensity that ought to be developed in a geomagnetic field. However,
since the thermo-remanent magnetization of ejecta of Mihara Volcano is very intense
compared with that of other volcamc rocks, (see T. NAGATA, Bull. Earthq. Res. Inst.
20 (1942), 50), it may be in order to assume that t/pis considerably exceeds 10, although
the ratio would be less than 100.
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fragments being considered sufficiently large, the intensity M of the
resultant magnetlzahon of unit volume of sediments is given by

1 ——exp(— Z_f’_ /zt)tanz—zo—
M=ppcosi="2% dt,
' 7 1+exp(——g§‘—pt)t bo_
A 2 (5)
= p/ztanh<£,ut) ,
24

where t:—% and p is the number of magnetized parti_cles in unit
volume of sediment. Obvioﬁsly, the resuiltant intensity of magnetization

along the direction perpendicular to f’ here should be zero, as easily
proved from the condition that all phenomena are in symmetry with

respect to the direction of 7.

From the above-mentioned theory, it will be seen that the resultant
magnetization of sediment containing a sufficiently large number of
ferro-magnetlc fragments is represented by a magnetic dipole whose
direction agrees with that of the magnetic force affecting the fragments
in the course of deposition, and that the intensity of the dipole in
creases hyperbolic-tangentially with increase in the time required for
deposition of the frggments according to the depth of the waler.
Since ————tanh( F ,ut>'=.-1— in our model experiment, which corre-

M, 24 3 , :
sponds to the actual deposition in a sea, 20~100m deep, should the
depth of the water be twice that, M/, would be about 06, and even
should the depth be one-half that, M/M, would still be 0-17.

It will thus be expected that the na'ural remznent m2gne’ization
of a. horizontal stratum of sedimentary rock will not be very small,
so long as it contains a fair amount of ferro-magnetic minerals, and
also that its direction ought to agree with that of the geomagnetic
field at the time it was deposited.

§ 3. Measuring apparatus.

In order to measure the natural remanent magnetization of the
smallest possible test sample, the method of electro-magnetic induction,
which was exactly the same in principle, as those used by McNish

/
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and Johnson® and by Thellier,”® was adopted. That is to say, the
test sample was rotated at high speed in the centre of a multi-turned
circular coil, the e.m.f. induced in this coil being amplified by means
of a low frequency high-gain amplifier, the out-put current from which
was eliminated through rotating commutator synchronized with the
rotation of the test sample, the final D.C. current being measured with
the aid of a galvanometer. A schematic view of the apparatus and
its general electric circuit are shown in Fig. 2, the details being as
follows. ' '

62001, | £201na_{ Habrolr

0005 | Gatmn_ | MatSvet
G=0 1 §=0015m0] K= 1500l
Crtir ¥ x20volt | a50volt
(e Grar Coil_|S--Tast Sample | K--Commutaror|
o Mo'er. @Gamma

Fig. 2 General electric circuit in the apparatus for measuring
the natural remanent magnetism of sedimentary rocks.

The photograph, Fig. 8. is an exterior view of the circular coil
for electro-magnetic induction and  its position relative to the test
sample is shown in the photograph. This consists of two concentric
circular coils, an inner coil, 60,000 turns, 6°0cm inner and 114 cm
outer diameter, and an outer coil, about 27790 turns, 11°4e¢m and
13'9 ¢cm inner and outer diameters, the two coils being so connected in
series that the direction in turn of one coil is oppdsite to that of the
other, so that by placing the circular double coil in a uniform magnetic
field such that the axis of the coil is parallel with the direction of
field, the magnetic flux passing through that area closed by all. the
turns in the coil is given by

¢=rm2dH” P2y — j 3»—’(17-] ==n2dH (20 —15—1%) (1)

10) A. G. McNisH and E. A. Jounson, loc. cit.
11) E. THELLIER, Ann. Phys. Globe, 16 (1938), 156.
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where n, d, r,, 7,, 7; denote respectively the number of turns of coil
per ¢m, the thickness of coil, the inner radius of the inner coil, the
outer radius of the inner coil (which is equal to the inner radius of
the outer coil), and the outer radius of the outer coil. Then, if

203 =13 +1%, ©3)
¢ becomes zero.

That is, the uniform change in uniform magnetic field passing
_through the coil causes no electro-magnetic induction in the circular
double coil. The radii 7y, 7, and 7, of the coil used in our experiment.
satisfies the condition given by the above mentioned relation. Actually,
however, in order to satisfy eq. (2), it was adjusted experimentally
with the aid of a lurge Helmholtz coil and a ballistic galvanometer-
by varying the number of turns in the outer coil. Thus, our double
coil produces very little e.m.f. corresponding to the change (with respect
to time) in the applied magnetic field, which is uniform or almost
-uniform with respect to its space distribution.

" On the other hand, let us suppose a magnetic dipole p, which is
siiuated | e¢m from the centre of the double circular coil on its line
of axis, and is rotating with vertical axis. Taking the (x,7V, Z)
coordinate so that its origin coincides with the centre of the dipole,
the z-axis being perpendicular to the surface of the circular coil, while
the y-axis is parallel with the vertical, the magnetic ‘potential due to
the dipole is expressed by '

Y 7
W=~”—L”9——7—~ _
, R? ! A (3)
Ri=a2+y2+22, p4pg+i=p>.
The magnetic flux passing through that area that is closed by a
turn of circular coil is then given by

2

¢ '—‘K S”H;)‘d’rdﬂ =2m,

3 4)
[Ra] (7~3+z2):_f
where o
0 ‘2_' 2 Y N -
= ) s =) )
z ("2 +2%)
and

2=y?+2%, tanf=y/r, tane=p/e., (6)




284 ‘ T. NAGATA, K. AKASI and T. RIKITAKE. [Vol. XX1,

whence the magnetic flux closed by all the turns in the double circular

coil is
ol (oo N

where d and D are the thlckness of coil and effective diameter of
wound wire respectively. Since, here the magnetic dipole is rotating
with a vertical axis with a uniform velocity of f cycles/sec,

te=1/1EF 2 cos2aft=p,cos2rft, \
r=msin2xft, : ‘ ®)
#,=p, (independent on time) ,

provided a suitable origin of time ¢ is taken. Consequently, the e.m.f.
" induced in the double circular coil, owing to the ﬂux-change due to
umform rotation of dipole, is given by

E= é—bi/z,, sin2xft x 10‘8

10 Tik 3/ (=22 (ot /7T (U 22
&r Vi (L+d)2)2 {7 +1/7% + (I—d/2)? }
7”3+1/1 + (= d/z)2 u+1/r;+(l':d/2’)’2

—Vrok (=djz)et los &t y/rt (LFd[2)

ot Vri+ (I— dj2)? 7 2+ v/ 15+ (I—dj2)2
VT (I—dJ2)2 T +1/73+(l—(l/2)2

7"2+1/rn+(z dj2)z
et 1+ (= d/2)

9)

It is clear from eq. (9) that, in the present case, the e.m.f. 1nduced
in the inner coil fairly exceeds the e.m.f. of opposite sign induced in
the outer coil, so that the resultant e.m.f. is the order of a few tens
percent of that of the inner coil alone.® Hence, it is found that the

' 12) Since, in our apparatus, !=2.0cm, £ becomes
. E20=1-971x8in27ft x10-2 volt,
whereas, if =0,

Ey=3-63ursin2rft x10-2volt. ‘
(The general formula for this case (I=0) was worked out by JoENSON and McNIsSH,
Terr. Mag., 43 (1938), 393). '
The e.m.f. induced in the former case is about one-half that in the latter case,
where the coil constants and g are assumed constant, whence for gleater efficiency,
it is desirable that ! shall be as small as possible, .
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circular double coil produces an e.m.f. that corresponds to the rotation
of a small test sample, which can be approximated with a magnetic
dipole on the axial line of the coil, though it produces very little e.m.f.
corresponding to almost uniform change in magnetic field due, for ex-
ample, to electric motor (M in Fig. 2), magnetic disturbances from
electric trolley cars, ete. Actually, in order to minimize the induced
e.m.f. owing to the change in the component of geomagnetic force pass-
ing through the coil-surface as the result of its mechanical vibration,

Fig. 3. The double circular coil and the sample-holder.

S. Specimen to be examined. (1-5cm cube)
C. Induction coil.
H. Holder of specimen. (electrically shielded)

the circular double coil was set parallel with the plane of the geo-
magnetic meridian.

The test sample was always a 1'5¢m cube, cut off from a mass
of sedimentary rock. As will be seen from Fig. 3, the cubic test sample
was affixed with silk thread to a sample-holder made of ebonite, shielded
by a tin-foil and earthed, in such a way that its centre coincided with
the horizontal axis of the circular coil, a distance of 2:0 ¢m between
the centres of the coil and the sample being always maintained.
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In order to get the highest gain for a frequency of 20 cycles/sec,
a low-frequency high-gain amplifier designed according to the theory
proposed by E.A. Johnson'® was used. The electric circuit and. the
numeral values of every part of the amplifier will be seen in Fig. 2,
its characteristic curve for frequency, which was determined experi- -
mentally, being given in F1g 4. As will be seen from this figure, the

Py gain is maximum for a frequency of
K -18~22 cycles/sec, greatly diminishing

i 5 pad N\ (abruptly) for the higher frequency,
: \ exactly as expected from theory. The

. / magnifying-ratio and the phase-lag
// _ of out-put current from in-put cur-

- A \ rent of the amplifier for the case of
? \ 20 cycles/sec was about 95 db and
51° respectively under stable condi-

%, 10 20 30 tions. The gain (magnifying ratio)

- /! and phase-lag were checked by re-

Fig. 4. The characteristic curve of placing the test sample with a small

amplifier for low frequency. magnetic needle always before and
p. magnifying ratio in arb - after a set of observations, the result
trary scale. ' of actual calibration showing that

f. {frequency in cycles/sec. the character of the amplifier was

fairly stable during the whole period of experiment. Further, it will
be worth while to note here that, in order to avoid the mechanical
vibration due to various external disturbances, the amplifier was mounted
on a wooden plate freely suspended from the ceiling, the period of free
oscillation of this pendulum system being about 4 sec..

The rotaing commutater consisted of an armature and brushes,
both of copper. As already mentioned, this rotating commutater was
connected to the holder of -the test sample by means of a rod of
alminium, whence the former rotated coaxially and synchronously with
the test sample. ' The exterior of the commutater and its connection
to sample will be seen from a general view of the apparatus given in
Plate 1. Here, the phase difference between commutater and sample
could be varied, its amount being read with the -aid of a circular
graduated disc attached to the commutater. In other words, the alter-
nating e.m.f. generated in the circular coil and then magnified through
the amplifier is commutated at any phase by means of the commutater,

which is rotating synchronously with the foundamental tone of the
alternating e.m.f..

13) -E. A. JoHNSON and C. NEIrzert, Rev. Sci. Inst., 5 (1934), 196.
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Let I= ﬁL,sin (27mft+ ¢,) and ¢ denote respectively the alternating

current of 1n-put of commutater and the phase difference between I
and the commutater. Then, the mean direct current of out—put of the
commutater is expressed by

v T
2y 2

Ip=%- gf“sm @mnft+ ¢,)dt
o7

1=
__v_
S, (1—cosnm) cos (ng + ¢,) , (10)

, “—[11008(¢+ ¢1) + cos B¢+ ¢5)

+ 15—5cos (BY + @g) A +++e ] )

where T——-l— ' Thus, the higher harmonics of even order are nullified

f

by the synchronized commutater, while the fundamental tone and higher
harmonics of odd order remain as D.C. current in’ the out-put circuit,
which is a function of I, ¢,, and ¢.

Since, actually, the rotating test sample was almost ‘equivalent to
a rotating magnetic dipole, and since the amplifier scarcely distorted
the wave form of the alternating e.m.f., I, (n==2) was neglible com-
pared with I;. Consequently the phase difference ¢ being varied from
0 to 27, the intensity of the eliminated, direct current changes in almost
pure sine-form with ¢. Now, provided the rotation of the sample is
uniform, the instantaneous e.m.f. mduced in the circular coil is optlmum
when the direction of horizontal component of magnetization of the
sample is parallel with the surface plane of the circular coil, as will
be easily seen from egs. (8) (9), (10). Therefore, correcting the phase
lag (¢;) owing to the amplifier, it is possible to determine the direction
of horizontal component of magnetization of a test sample from the

2
observed curve of I,f;.—i—cos (¢+¢,). For detecting I,, a galvano-

meter, about 10~ current sensitivity and 4 sec. of free-oscillation,
period was used in the state of its critical dampmg

Since, obviously, every pzrt of the apparatus, especially t}'oc(
movable in that space near the circular doubie coil, must be non-




288 T. NAGATA, K. ARASI and T. RIKITAKE. [Vol. xx1, *

magnetic, as many as possible of them were constructed of either
wood, ebonite, or bakelite, while such parts as required tp be of metal
- were made of either almost pure copper, aluminum, or tin-foil, except-

ing the electric motor, the source of motive power for rotating both
sample and commutater. Since, however, the distance between the
motor and the test sample was about 21 m (see Plate 1), the magnetic
disturbances at the place occupied by the coil owing to rotation of the
motor, was negligible compared with the change in magnetic field owing
to rotation of the sample. On the other hand, every important part
of the apparatus and the lead wires were closely shielded electrically,
especially, the set of double circular coils and the sample holder, both
of which, although sufficiently shielded with tin-foil independently,'®
were again shielded by means of a wooden box cover plated with tin-
foil connected to earth. Finally, the velocity of rotation of both sample
and holder was observed with the aid of a strobo-scope, the rotation
being kept always at 20 or 25 cycles/sec. A general view of the ap-
paratus is given in Plates 1, 2. . /

4. Results of measurements.

“For the purpose of testing the characteristics of the apparatus,
we first examined two samples™ of tuff (andesitic and dacitic) collected
from North Idu. As already mentioned, these test samples were cut
into 1'5 ¢m cubes. Let the three orthogonal axes of the cubic sarhple
and the intensities of the components along these three axes of natural
remanent magnetization be denoted by z, Y% and M,, M,, M. respec-
tively, where the magnetization of the sample is assumed to be suf-
ficiently uniform. Taking first the z-axis as the axis of rotation, the
magnetization of the sample was examined with the present apparatus,
with the result that the components of M- and M » were obtained from

21 ’ .
the curve of 7 ,,=Tlco‘s (¢ +¢,), where ¢ was varied every 20 degrees

from 0 to 27. Taking next the 2-axis and then the y-axis as the axis

14) When even a part of the shielder (tin-foil) of the circular coil or that of the
sample-holder was lacking, rotation of the sample-holder was accompanied by generation
of alternating e.m.f. in the coil, the frequency of the e.m.f. being equal to that of
rotation of the samplz-holder. This phenomenon is probably traceable to the elecro-
static induction between the circular coil and the electro-static charge on the surface
of the sample-holder, which is of insulating material. :

15) According to H. Tsuva, these two samples are andesitic tuff from Koyama,
'Yuhune, lower Pleistocene, and dacitic tuff from Miyanosita, Hakone, lower Pleis-
tocene. ' P
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of rotation, we obtained (M,,M.) and (M., M) respectively. The ob-
served results are graphically shown in Figs. 5, 6, from-which it will

s f Jxio*
10

25

R, 460
o5t
\
-10 , —

Fig. 5. Examﬁle of observed result. (andesitic tuff, Koyama, Yuhune)

be seen that the I,~¢ relations have almost a pure sine-form, showing
that the magnetization of the cubic sample can be approximated suf-
ficiently with a magnetic dipole (M., M,,M,), and that the amplifier
scarcely distorts the sine-form of the in-put e.m.f..'”

Ji10° ~

N

£

o

N4
X
N

Fig. 6. Example of observed reéu]t. (Dacitic tuff, Hakone, Miyano-sita)

It will now be clear that the amplitude of the sine-curve of 1,,

ie. gf—l, is proportibnal to the intensity of the horizontal component

of magnetization of the sample, namely, /M + M} for example, in the
respective cases. On the other hand, as already mentioned, the de-

16) Since the magnetization of the andesitic tuff was fairly intense, it was possible
1o observe the wave-form of the out-put current of the amplifier with the aid of a
cathode-ray oscillograph. The observed wave form was almost of pure sine form.
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flection of the galvanomeier was calibrated by replacing the sample
with a small magnet, $2x10-5 magnetic moment, which was fixed
horizontally to the sample-holder at a position coinciding exactly with
the centre of the sample. From the above-mentioned three sets of
observational results it was possible to determine two sets of intensities
 of the three components, M., M,, M., theirs mean values being respec-
tively : '

M,=(+11404020) x 10-5 )
M, = (+4'02:t 0:12) x10°5 § (andesitic tuff) ,
M.=(4+002+008) x10°5 |
M,.=(+477+015) x 10-¢
M,=(+363+008) x10-¢ } (dacitic tuff) .

M, = (+1:00£ 0:09) x 10-6 |

That is to say, the direction of magnetization can be determined with
an error of less than 3 degrees. _

We next measured the direction of natural remanent magnetization
of test samples of sand collected from various depth of a horizontal
s ratum. The samples examined was the upper 1'5 m of the Narita-bed
(Upper Pleistocene), which is distributes horizontally over the districts
. of Tokyo and the northern parts of the Bosé Peninsula (actually, from
a cliff at Usui, near Inba-numa).

The horizontal plane and the geomagnetic meridian were determined
with a clinometer where the examined rock was' collected, and marked
directly on the collected mass. These collected masses were cut every
2cm along the vertical line, test samples.of 1'5 ¢m cube being cut off
from each plate, 2 ¢m thick, where a plane of the cubic surfaces was
parallel with the horizontal plane, and the other parallel with the plane
of the geomagnetic meridian. We then, assumed that each sample,
1'5 ¢m cube, represented the mean aspect of magnetization of a plate,
. 2 cm thick, of the examined siratum. An example of the results of
measuring the magnetization of a cubie sample is shown in Fig. 7,
from which it will be seen that the direction of magnetization can be
determined with fair accuracy, notwithstanding that the specific
in'ensity of remanent magnetization is markedly small, say, about
6 x10-%e.m.u.. o ~ ' :

Similarly the declina‘ion and inclination of natural remanent mag-
netiza.ion of 73 test samples were determined with an error, generally,
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of less than 2 degrees, and in a few cases, less than 3 degrees. The

) f Jx10° .
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Fig. 7. Example of observed result. (Fine sand of Narita-bed)

observed final results are given in Table I, and graphically shown in
Fig. 8, where.the numerals under “depth” give the depth of ‘centre
of cubie sample from the upper boundery of the Narita-bed, (boundary
between the Narita-bed and the Kanto-loam).

It will be clear from these results that the declination of remanent
magnetization of every sample deviates fairly east from the present
geomagnetic North, the mean value of & of 69 samples being about 22°
East. Further, it will be seen that the o of the Narita-bed pgriodi-
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60 - . { T
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w . \ l
i
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| |
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!
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. . .
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i . . b o . ]
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fig. 8.. The declination (5) and inclination (I) of the upper 150 cm of Narita-bed.

cally changes with depth, at any rate, from the upper boundary to a
depth of about one meter. There arises, however, the question whether
or not this periodic change in 4 is é. character of the sedimentary
rock. at the very spot where the test samples were cut off or whether
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Table I. Declination and Inclination of Natural Remanent ,
Magnetization of Narita-bed.

Depth of | o 0 [ Depth of | o

the Centre| Decli- | Incli- | the Centre| Decli- Incli-

No. of Test nation | nation No. of - Test natjon i ngtion
Sar:ple 0 5 I i | Sarzlple i J ) 1

1 lem | 36°% 56" | a7 53cm 36°F 63°
2 - = @ (53) €7p) —
3 5 51 62 | 98 | 55 16 50
4 34 71 28" (55) (31) -
5 33 — 29 57 31 37
6 1 49 66 (29) €] (30) -
7 13 — L= 30 59 25 47
8 15 37 58 (30" (59 (25) —
9 17 39 59 3| 61 2 53
10 19 27 61 61 (D) v 1 -
11 21 32 64 32 63 15 51
12 23 o8 © 63 32 | ©3) (w | =
13 %5 — - 33 65 7 57
14 27 — — (33%) (65) o) —
15 29 21 — 34 67 5 58
16 31 15 64 35 69 11 55
16" (&1 D) @15) .- 36 71 16 61
) 16’ (€18 @as) - 37 73 14 59
. 17 33 1 56 8 | 75 0 | 60
az’) (33) an — 39 | 77 1 62
18 35 9 66 a0 7 19 1 59
1s”) 35) @) — a 81 30 | 59

19 37 18 = e s L | e
9" 37) (18) - § 43 | 8 40 | e
20 39 v — a0 w3 g
(20 (39 @) . = I 45 . 89 | 3 ' ¢
2 41 I T oo L 'oss
(21 “1) (28 — 47 | 93 f 24 ; 53
22 43 32 - — a5 9 | 2 55
(22%) 43) Gy | = 5w 9 i 8
23 45 37 68 50 99 ! 7 53
(23%) 45) G = 560 100 0 41, 64
u 17 4 e | s R o L e
(24) @7 (43) | — !‘1 53 I 05 19 f 48
25 19 “4 0 67 [ 51 107 i P 48
@ @ e o — s o | w o a
26 51 33 | 6 I 56 o L ;J 52
(26) (51 @ | - | s | s | ‘ 54
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Table 1. (continued.)

" Depth of ; E U Depth of | ‘_ )

. the Centre Decli- | Incli- i the Centre Decli- Inqh—
No. | of Test nation - nation , No. i of Test nation @ mnation

i Sample 0 : I i | Sample 0 ’ I

; z i i z i .

{ \ Il
ss | 15em | W°E 55 |66 Biem | 2°E | 49°
59 | 1z 2 55 67 133 3 1 58
60 - 19 | 23 . 30 . 6 | 135 % | 63
61 , 121 ; 21 ! 49 C69 137 18 66
62 | 123 17 - 6 | 70 139 2t | 62
63 | 125 | "25 60 7 141 s 53
64 | 127 27 57 72 143 v s
65 | 129 20 49 ‘ |

it is a general character of the Narita-bed that is widely distributes
in its neighbourhood. In order to answer this question further samples
were coliected from a place about 4 meters distant from that position
where the test samples initially examined weére obtained, of which only
the declination of magnetization of samples corresponding to depths of
from 30 ¢m to 65 c¢m, where the change in ¢ with depth was markedly

large, was determined, with results as given in Table I (parenthesized

numerals) and in Fig. 8 (with hollow circles).

From these results, it will be seen that the general tendency ’to
change with depth is similar in the two cases, the ¢ of the two test
samples collected from the same depth of the same stratum, but in
different places, generally agreeing with an error of less than three
degrees. There are, however, a few exceptional cases in which the 4
of two samples from the same depth differ by more than 10 degrees
(for example, Nos. 26, 26° and Nos. 28, 28'.) a fact suggesting that,
although the observational error in determining the direction of mag-
netization was less than 3 degrees, the amount of ¢ (and I) of a cubic
sample is not alw ays reliable when our aim is to determine the mean
value of 6 or I of a fairly widely distributed stratum of sedimentary
rock of a certain given depth. It must further be noted that the
collected samples corresponding to O~14c¢m in depth contained the
red-earth of Kanto-loam (which covers the Narita-bed), although not
to a great extent. Since this fact shows that the upper parts of the
Narita-bed were disturbed after deposition, most of the fluctuation of
6 in the test samples collected from these parts may be the result of
the above-mentioned disturbance. These circumstances render it safe
to presume that the smoothed curve of the dJ-depth relation alone re-
presents the general tendency to change in 0 with depth with regard
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‘to Fig. 8, we may say that the ¢ of the Narita-bed changes 4lmost
periodically with depth from its upper boundary to a depth of about
80 ¢m, the double amplitude and period with respect to depth being
about 30° and 40c¢m respectively, while from a depth of 90c¢m to
145¢m, ¢ changes quasi-periodically with depth, the double amplitude
and period being about 10° and 10cm respectively. Taking various
errors into consideration, however, the quasi-periodic change in 6 with
depth below 90 c¢m may not be trustworthy, although the marked -
periodicity in the stratum composing the upper 80 ¢m is sufficiently
reliable. If then, the causation of natural remanent magnetism of a
sediment is of such a mechanism as that discussed in §2 of this report,
the J corresponding to any depth ought to give the deviation in geo-
magnetic meridian at that time (from the present one), when the
fragments composing the sediment were deposited, and consequently,
that the d-depth curve shows the general tendency of the secular
variation in geomagnetic field. during the period of deposition of the
examined stratum. Unfortunately, however, since the velocity of ac-
cumulation of this bed cannot be determined at present, the time
corresponding to the thickness of the stratum is unknown, whence it
follows that only the mean value of 4 and the amplitude of change
in 4 with depth can be adopted as measures of secular variation in
geomagnetic field during Upper Pleistocene. ‘ '

On the other hand, regarding the mode of change in inclination
of magnetization with depth, the mean value of I of 63 samples™ is
58°, and the amount of change in / with depth is clearly smaller than
that in ¢. the double amplitude of quasi-periodic change in I with
depth being, generally, 10~15 degrees, excepting the marked changes
in samples drawn from 55c¢m to 61 cm depths. If I also shows the
geomagnetic dip at the time the examined sediments were deposited,
the conclusion is that thé mean geomagnetic dip during Upper Pleis-
tocene was about 10 degrees larger than that at present (i.e. 48:°2®
at the spot where the samples were collected), and that, generally
speaking, the amount of secular variation in dip was fairly smaller
than that in declination. The latter conclusion should not be unrea-
sonable, because the amount of maximum change in declination and
dip in the regular secular variation in geomagnetic field in London
during the last four Centuries were, as is well known, about 34° and
8¢ respectively. In the I-depth curve, it will be further noticed that

17) Since five te:t samples (Nos. 5, 15, 19, 20, 22) were rendered useless after
o had been measured, determinaton of I was impossible.
18) Bull. Hydro. Dep. Japanese Navy, 8 (1935).
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the amount of I in most of the samp’les from O0cm to 50 cm exceeds
60°, being from 60° to 70°, while in most of those below 100 cm it is
less than 60°, being from 50° to 60° a result that may point to a
tendency to secular variation during long periods. '

§5. Conclusion.

In the foregoing paragraph, we assumed that the 6 and I of the
residual magqetization of the Narita-bed represented the declination
and dip of geomagnetic force at the time that the fragments constituting
the stratum were accumulated. Since, however, the bulk of the frag-
ments composing the Narita-bed are fine sands, we naturally assume
that this bed was formed not only through simple deposition of frag-
" ments through water, but through their flowing on the bottom of river
outlets and landshelves after depostion'™ (their motion, dynamically
speaking, being the “ superposition of translation and rotation” of every
particle). If so, then the question arises whether or not the direction
of residual magnetization of a mass of fragments, the accumulation
of which was the result of such mechanism as that just outlined, would
still agree with that of the geomagnetic force affecting the fragments
during their motion., (The experiments in progress in connexion with
this problem are not yet concluded.) It seems possible, however, that
the resultant magnetization of a mass of fine sands, containing a suf-
ficiently large number of magnetized ferro-magnetic minerals, has the
same direction as that of the magnetic force which affects the minerals
throughout the whole peviod of their motion, provided we assume that
the other various forces affect them haphazardly, although the intensity
of resultant magnetization in this case would be less than that in the
case dealt with in §2.

On the other hand, the residual magnetization of a horizontal
stratum, the accumulation of which seems to be the result almost.
solely of deposition through the sea, is now being studied in our la-
boratory. From the data of ¢ and [ of various horizontal strata,
which have been exhaustively studied from the geological point of
view, are summarized, it is possible to get an idea of the general
mode of secular variation in geomagnetic field in various districts through
various geoloical ages, and by collecting a sufficiently large number of
such data it ought also to be possible to trace the crastal motion of
the earth during geological times from the data of direction of residual

19) See, for example, K. YABE, Geol. Mag., 8 (1911); Proc. Imp. Acad. Japan, '
5 (1930), 167,
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magnetization of the folding stratum, provided the time of accumu-
lation of the stratum is known.

It is the fervent hope of the writers to be able to contribute in
future to our knowledge regarding the secular variation in geomagnetic
field, and regarding the crustal motion of the earth, by studying the
nature of residual magnetization of sedimentary strata.

In conclusion, the writers wish to express .their hearty thanks to
Prof. H. Tsuya and Prof. Y. Otuka for their useful advices from the
geological point, and to Prof. T. Matuzawa, Prof. C. Tsuboi, and Dr.
T. Hagiwara for much encouragement and valuable advices from the
geophysical point side. The writers sincere thanks are also due to the
Department of Education and the Hattori Hoko Kai, with the aid of
whose grant the present experiments were made possible.
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