6. The Mode of Causation of Thermo-Remanent
Magnetism in Igneous Rocks.
Preliminary Nolte.

By Takesi NAGATA,

Earthquake Research Institute.

(Read Nov. 21, 1940.—Received Dec. 20, 1940.)

1. Introduction.

Since the discovery of the fact that the igneous rocks, especially
the effusive ones, are permanently magnetized in their natural state,
a number of investigators® have studied the characteristics of this per-
manent magnetism. This permanent magnetism in igneous rocks, which
is usually called natural remanent magnetism, is generally much larger
‘than the intensity of the magnetism that is induced in the same rocks
by the present geomagnetic field. Since it had been experimentally
proved® that this natural remanent magnetism is chiefly due to the
magnetization that remains after the rock has cooled from the state of
high temperature (in an external magnetic field), and that the direc-
tion of the residual magnetization agrees with that of the applied
magnetic field, many investigators® have attempted to estimate the direc-
tion of the earth’s magnetic force in remote times when the remanent
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magnetization originally came into existence, assuming that the direction
of the remanent magnization in rocks, upon cooling and solidifying, agrees
with the geomagnetic direction, so long as the rock mass had not moved
after completion of the cooling. Such studies were also made by M.
Matuyama® and others® with certain Japanese igneous rocks. This
method of presuming the geomagnetic direction in remote times, having
been applied also to the remanent magnetization of certain kinds of
baked earths, we have at present a number of papers™ on this subject.
Our present knowledge of the characteristics of thermo-remanent
magnetism, that is, the residual permanent magnetism that results when
the igneous rock is cooled from high temperature in a weak magnetic
field, however, is largely the result of the comprehensive experimental
work of J. G. Konigsberger.” According to this investigator, cooling
of ferromagnetic minerals in rocks in a magnetic field from Curie-tem-
perature may produce certain results, depending on the change in the
~coercive force with temperature and on the demagnetizing force at near
Curie-point, the effect finally resulting in thermo-remanent magnetism.
He further presumed that the effect just mentioned was due to the
lattice-change in the magnetite, which might be caused by escape of
the Fe,0;. ' ~
The main object of these investigators, including Konigsberger, seems
to have been in discovering the character of natural remanent magnetism
and its relation to the geomagnetic field in remote geological times. We
have, however, another interesting phenomenon of geophysics that seems
to be closely related to the causation of thermo-remanent magnetism
in nature. It is the local anomalous variation in geomagnetism that
follows severe voleanic activity. To illustrate, in a recent expedition
that we made to Miyake island,” we observed by means of both magneto-
graph records and absolute measurements that the geomagnetic dip at
a point about two km north of a region in which severe voleanic erup+
tions had occurred, made a total change of about 25 minutes during
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twenty days after the volcanic activity began. Seeing that the ejected
lava flow and bombs (already cooled to ordinary temperature) showed a
natural remanent magnetism of 5x 10-3~8 x 10-2 in its specific intensity,
while their specific susceptibility in ordinary temperature amounted only
to 06 x1073~1'2x 10-%, it may be concluded that much of the observed
geomagnetic change might be due to the change in the thermo-remanent
magnetism of the subterranean magma rather than to the temperature
change in its susceptibility. Although in the cases of activities of other
volcanoes, local geomagnetic changes were also observed by means of
magnetographs,” the magnitude of the variation in these cases was
smaller than that observed in Miyake island, while according to S. T.
Nakamura,” who analysed the results of intermittent re-surveys of geo-
magnetic dip (with the aid of the dip-circle), secular geomagnetic varia-
tion seems to be related to volcanic activity. .

Hence, our keen interest is in the causation of thermo-remanent
magnetism and its disappearance, seeing that these phenomena can be pre-
sumed to occur in the earth’s crust accompanying changes in temperature
and sometimes accompanying changes in stress distribution. If it can be
physically established that the magnetic condition of the igneous rocks
is influenced by temperature, the external magnetic field, and preséure,
we should then be able to form some idea of the physical conditions
and their changes in the earth’s crust by measuring the anomalous
distribution of the geomagnetic field on the earth’s surface and its changes.
For this purpose, it is necessary to examine experimentally the charac-
teristics of the thermo-remanent magnetism as well as the magnetic sus-
ceptibility of rocks due to temperature changes. The physical aspect
of the causes that gave rise to thermo-remanence will especially be
interesting both from the geophysical standpoint just mentioned and from
the standpoint of the physics of the magnetism of such aggregate of
complex solid solutions and crystals that we call rocks. '

We shall however deal here only with the general phenomenological
aspect of the causation of thermo-remanence as suggested by our ex-
perimental studies with ‘a few basic volcanic rocks.

2. Thermo-Remanent Magnetism.

As mentioned in the introduction, the residual permanent magnetism

8) T. NAGATA, Zisin., 10 (1938); Read before the 148 th (1939) and 163 rd (1940)
" meetings of the E. R.I. (Not yet published).

T. MINAKAMI, Bull. Earthq. Res. Inst., 13 (1935), 799.
9) S. T. NAKAMURA, Proc. Imp. Acad. Japan., 11 (1935), 102.



52 T. NAGATA. . [Vol. XIX,

that remains after the sample is cooled from temperature ¢ to zero in
a uniform magnetic field of H, we shall call thermo-remanent magne-
tism, indicated here by J,, for unit mass of sample. Since the inten-
sities of the remanent magnetism that is produced by cooling from ¢°C
to 0°C and that to the ordinary room temperature (about 20°C) are
practically the same, the remanent magnetism produced in the latter
case will frequently be taken as J,,. The apparatus for measuring the
thermo-remanent magnetism in the present study is, in outline, as fol-
lows. A non-inductive electric furnace, 22 cm large and 2-5cm in its
inner diameter, is set coaxially in the centre of a large Helmholtz’s coil
of 25cm radius, the axes of the furnace and of the coil being, ob-
viously, perpendicular to the geomagnetic meridian. The resistance wire
in the furnace is pure nichrome wire of magnetic susceptibility smaller
_than 1x10-%. The specimen to be measured was pulverized into small
grains, 0'5~10 mm in their mean diameter, and a silica tube, 11 cm long
and 1'8 cm in its inner diameter, was filled with this powder. The tube
containing the rock grains was placed in the centre of the furnace
coaxially. In the space occupied by the tube, the magnetic field supplied
by the Helmholtz’s coil was thus nearly uniform, with an error of less
than 0'1 percent. The temperature of the specimen was measured at
its centre with Pt, Pt—-Rh thermo-junction, the temperature throughout
the sample being uniform, with an error of less than 5°C, provided the
heating or cooling velocity did not exceed 0'05 degrees per second. The
intensity of the thermo-remanent magnetism producéd in the apparatus
was measured by means of another instrument by a ballistic method,
already described in the previous paper.'®

In measuring the J,., of various values of t successively, the J,,
obtained in the first experiment was purposely nullified by heating the
specimen to a temperature higher than ¢ and cooling it in a non-
magnetic space, before proceeding with the next experiment. Thus in
every treatment, the sample was in standard condition. In this way,
the intensity of the thermo-remanent magnetism of various values of ¢
in a constant magnetic field was measured. The direction of the thermo-
remanence always agreed with the direction of the external magnetic
field applied. Several typical examples of the observed data are given
in Table I, as also Fig, 1, where the intensily of the applied magnetic
field was 0-458 Gauss for all the examples.

As will be seen from these results, J,.;; in a constant magnetic field
H increases with increase of temperature ¢, and reaches maximum value

10) T. NAGATA, Bull. Earthq. Res. Inst., 18 (1940), 102.
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Table I. Specific Intensity of Thermo-remanent Magnetism.
Jenr (H=0-458 Gauss)
t
No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
20°C 0-:00x10 7| 0-00x10-% O'OOXIO“"’[ 0-00X106-% 0:00x10-% 0-:00x10-%
200 0-65 0-20 0-62 2-85 0-30 0-56
300 0:96 0-75 2:36 6-50 0-45 2:17
350 977
400 4:21 6-18 15-35 1-22 5:63
450 2:84 880 795 20-95 3-97 628
500 375 858 670
. 550 4-81 11-32 9:86 26-45 16-45
600 5-30 21-20 6:68
650 11-60 9-87 27:25
700 5:70 22-10
750 27-35 21:95
800 5-65
No. 1. Volecano Mihara Somma lava. No. 4. Volcano Mihara Bomb.
No. 2. ” ” Bomb. No. 5. Miyakesima Volcano Lava flow.
No. 3. " 4 Bomb. No. 6. " ” Bomb.
(4)
JleOi
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20 t
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Fig. 1 (a). Intensity of thermo-rema- Fig. 1 (b). Intensily of thermo-rema-

nent magnetism (H=0-458 Gauss) nent magnetism (H=0-458 Gauss)

at t,, a J,; of higher temperature than ¢, being always constant and
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equal to J,.,. The intensity of the saturated thermo-remanent magne-
tism of voleanic rocks is then in most cases larger than the intensity
of the induced magnetism H.y at ordinary room temperature in the
same magnetic field H, where y denotes the specific magnetic suscep-
tibility of the same specimen. It is notable that the J, , of basic rocks,
basalt or basaltic andesite, is frequently much larger than its H-y, the
ratio of J,., to yH in them sometimes amounting to one hundred. The
observed values of J,., and y of several typical specimens are given in
Table VII, where Q,' denotes the ratio J,.,/yH, and is called here the
coefficient of the thermo-remanent magnetism. Qualitatively speaking,
the magnitude of @, seems to be given not only by the chemical com-
position and crystal structure of the ferromagnetic minerals in the rocks,
but also by the size of those grains; that is to say, the ferromagnetic
minerals that are scattered as microcrystals in the groundmass occupy
a larger percentage of the total ferromagnetic component of the rock
the larger the value of @,. In other words, the @, of such a rock in
which the larger part of the ferromagnetic component in it consists of
phenocrysts, seems to be comparatively small. This conclusion, how-
ever, is only the qualitative result of microscopic observations of thin
sections of these rocks. A more quantitative solution of this problem
will be discussed in a future report.

It will be seen from Fig. 1 that the differential coefficient of the
curve for J,, with respect to temperature is largest at t,, and that
0%J,,/3t? is positive for the range at temperatures lower than t,, whereas
it is negative at temperatures higher than ¢,, so that temperature ¢,
may be taken as a transcendental point of thermo-remanence, while #,
would have another important physical meaning in its causation.

Next, the intensity of the saturated thermo-remanent magnetism in
various external magnetic fields was measured, although, at present, we
have only the experimental data obtained in a weak magnetic field, that
is, smaller than 1-7 Gauss. A number of the observed results are given
in Table II and Fig. 2. ‘

Table II (a).

H Jeorr | Jio=Jt.n/H H H 1 Jeg1r sz.=ch-11’I;

1 .
0 Gauss 0-00x10-2 ~ 0:98 Gauss; 4-07X10-% 4-2x10~°
0-27 121 45x107% 134 P 562 f 42
063 2:78 44 | 170 | 668 41

11) J.G. Konigsberger has already proposed certain notations for the various
characteristics of thermo-remanent magnetism, and used them for a long time. In
this paper, we shall follow his notations as far as possible.
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Table 1T (b).

H Jeo 1t Jte “ H Jegorr Jte

-0 Gauss 0:00x10~2 ‘ 0-82 Gauss 5:90%10-2 72

0-14 0-96 6-9 \ 1-00 7-20 7-9

0-28 210 75 | 136 992 68

0-46 353 76 172 11-33 66
0-64 5-07 7-9 ;

Since, as will be seen from these results, J,., is nearly proportional

to H, if H is not large, I 210
we may write the relation ,
in the case of a weak 10 o
magnetic field
Joen=F(H)-J,,, “
F(H)y=H, (1) S
“where F'(H) denotes a func-
tion of H alone. On the H
other hand, from the rela- 00 05 10 15 Qauss
tion between J,, and ¢ in Fig. 2. Intensity of saturated thermo-remanent
two different values of H magnetism in various magnetic fields.
are given in Table 1II and Fig. 3, we get the relation
Jt'll Hl
—t =, 2
Tom — H, | (@)

Extending the results obtained with egs. (1) and (2), we may say that
generally,

. J,.”—"‘—H-J“ (3)
so long as H is not very much larger than 1 Gauss; or more generally
Jl-n:F(H)'Jt- : (3’)

In the above expressions, J, is a function of temperature only, and does
not include H. Thus, the effect of the external magnetic field on the
rise of thermo-remanence is, apparently at any rate,” separated from
the temperature effect, and the intensity of the saturated thermo-
remanence produced in a magnetic field of unit intensity will be taken
as a parameter in order to show the character of the thermo-remanence
of the materials, because J,, which is independent fo H, is a constant pe-
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culiar to the rock specimen. Should relation(3)be established, the coefficient

A, X10°
20
10
1c
0 to
0 200 400 600 500
Fig. 3 (a). Intensity of thermo-remanent
magnetism in different magnetic fields.
15 Bhiw 210
10
51
A.}m, XIOJ
0
0 5 10 15 20 25
Fig. 3 (b). The relation between JJ¢;y, and

Ay

The straight line gives 4J¢; 1/ A i
=H1/Hg=1'62.

accept eqgs. (1), (2), and (3) that were established within the limits
of a weak magnetic field:

of the thermo-remanence
Q, may also be taken as
a characteristic quantity
of the material, because

__Jt,_.ﬂ J

= be 4
Q="p="r (@
It will be presumed, how-
ever, that F'(H) is not al-
ways equal to H for every
value of H, for the reason
that the maximum inten-
sity of the remanent mag-
netization is expected to
be limited to a value that
is smaller than its satu-
rated magnetization (in the
magnetization curve), ow-
ing to the fact that the
magnetic properties of the
rocks is due to the ferro-
magnetic minerals in them,
particularly as these rocks
show the characters of
ferromagnetism, for ex-
ample, the hysteresis phe-
nomenon in the magnetiza-
tion curve. A more defi-
nite expression for F (H)
must be sought by further
studies. Here, we shall

Table III.
t: AJ!,‘,'}& (H1=U458) Aic]t,;'l.': (H2=0282) AJ{,;‘Ih/AJt[Ug
20 0-00x10-% 0:90x10-3 —
100 0-15 0-10 1-5

(to be continued.)
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Table III. (continued.)

ts ATty m (Hy=0-458) A 11 (Hz=0'282){ AJe;m A,
1 200°C 0:30xX10-* 0-18%x10-3 17

300 0+45 0-28 16

400 - 122 0-75 1-65

450 397 — —

500 8-58 ~ 5-40 1-59

550 16-45 — —

600 21-20 13-15 161

700 22-10 13445 164 °

750 21-95 13-35 164

3. Partial Magnetization during Cooling.

The relation between J, and ¢ were obtained in the preceding para-
graph. This characteristic of J, seems to be common to every one of
the twenty specimens of igneous rocks that the writer studied. There
remains, however, the fundamental question in what manner does thermo-
remanent magnetism arise in the process of cooling from a high tem-
perature. Although the dynamical mechanism of the causation of J, may
be a difficult problem, some of the phenomenological and kinematical
features could be seen in the results of the following experiment.

First, we examined the effect of partial magnetization during cool-
ing. That is, in the cooling of the specimen, the magnetic field of H
was applied only in the temperature range of from £,,; to f,, while in
other temperature ranges, higher than ¢,,, and lower than £,, the ex-
ternal magnetic field applied was kept always at zero. The specimen
which was then cooled to 0°C also showed residual permanent magne-
tism. We shall call this permanent magnetism the partial magnetism
during cooling, and refer to it as 4/,,.,, while 4¢=¢,,,—¢,. The experi-
ment for bringing about partial magnetism during cooling was made with
the same apparatus as that for producing thermo-remanence, and its
intensity was measured also by the ballistic instrument. Tests were
made before each experiment in order to see that the intensity of the per-
manent magnetic component of the specimen was zero in ifs initial state.

Thus, the 4J,,, for various successive values of ¢; was measured,
the temperature range 4dt=t,,,—t, being kept constant during every ex-
periment. The values, for example, of 47, , for 4t=50°C are shown
in Fig. 4 and Table IV. As will be seen from Fig. 4, 4/, ., is very
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small, nearly zero, in the temperature range lower than 100°C, and also
zero in the range higher than the critical temperature t,, while it has
maximum value at temperature ¢, below ¢,. Comparing the relation
between 4J,, and ¢ with that between J,, and t of the same specimen,
we get

t:; =tu! t’o=to, (5)

provided we neglect small quantities of the order of observational errors.

8iwx10’ 4
2| . {
i
[
10 ‘;' |
[
] [l
0 |
i
1
6 i \
i
! 1
! )
4 R
i
2 [-?’)— ll !c
j |
J |\ t‘:
0 O N | oo o -
0 200 . 4070 600 300 0 200 400 600 809
Fig. 4 (a). Partial magnetism during Fig. 4 (b). Partial magnetism during
cooling lat various temperatures. (4t cooling at various temperatures. (H
=50°C, H=0-458 Gauss). Specimen =0-458 Gauss).
No. 5.

Table IV. Specific Intensity of Partial Magnetism dui'ing Cooling.

AJen (H=0-458 Gauss)
At

No. 2 No. 3 No. 4 No. 5
150 - 100°C » 0:63x10-3 —_ —_ 0-07 X103
200 — 150 0-90 0-22x10-3 0-88x10-% 0-21
250 - 200 - 0-99 0-86 . 1-94 0-21
300 — 250 1-51 1-15 2-15 0-26
350 = 300 2:22 1-42 2:76 0-32
400 — 350 378 2:32 3-38 0-43
450 — 400 5:14 2:47 6-90 0-44

(to be continued.)
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Table IV. (continued.)
A (H=0-458 Gauss)
At
No. 2 No. 3 l No. 4 No. 5
500 - 450°C 3-59X 103 1-64x10-9 397 X10-3 2:20x10-3
550 - 500 158 0-79 319 11-40
600 —> 600 0-99 0-40 2:02 6+86
650 — 600 0-24 0-20 1-03 0-25
700 - 650 0-09 0-03 0-21 0-14
750 - 700 0-01 0-04 0-08

- As shown in Table V and in Fig. 5, the sum of the 4/, of the
whole range of 0 to ¢, that is, the sum of 4J,,,, from t,=0 to t,=t—4t,
is always nearly equal to the amount of J,,, the thermo-remanence
caused by cooling from ¢ to 0 in the same magnetic field H. This rela-

Table V (a). Specimen, No. 4.

4t AJ: it ”aa—th'llX At A Je it t
0-00 20°C
200 150°C | 0-88X10-% | 1-20x10-° 0-88x10-3  2:85x10-3 209
250 - 200 1.94 1:60 2:82 250
300 - 250 2.15 2:05 4-97 650 300
350 — 300 276 3-97 7-73 9.77 350
400 — 350 3.38 5.20 11-11 15-35 400
450 — 400 6-90 5-98 18-01 2095 450
500 — 450 3-97 3-40 21-98 500
550 — 500 312 2:10 25-10 245 550
600 -+ 550 2:02 - 0-60 97-12 600
650 =+ 600 1-03 0-20 2815 2795 650
700 — 650 0-21 0-10 92836 700
750 —> 700 0-04 0-00 28:40 97:35 750
Table V (b). Specimen, No. 5.
S sy i
At A4Js 1t _E?Jt X 4t SdJen Jen t
R - 0-10 X10-% 0-00x10-%  20°C

150 = 100°C 0:07X10-3  0-10 0-07x10-3 150
200 — 150 0-21 0-10 028 0-30 200
250 — 200 0-21 0-10 0-49 250
300 - 259 0-26 "0-20 0-75 0-45 300

(to be continued.)
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Table V (b). (continued.)

— e — 5 S
At AJ¢ e ”‘a?Jt‘Hx At A Jear t
350 — 300°C 0-32X10-% 0-:32X10°3 1:07X10~3 350
400 — 350 0-43 0-45 1-56 1-22%10-9 400x10°3
450 — 400 0-44 2:75 1-96 3-97 450
500 — 450 220 4-61 4-16 8-58 500
550 — 500 11-40 7-87 15-56 16445 550
600 — 550 686 4:75 2242 21-20 600
650 — 600 0-25 0-20 22-67 650
700 > 650 0-14 0:10 22-81 22-10 700
750 — 700 0-08 —0-15 22-89 21-95 750
H x10
a B s
20 Ziﬁ{talt.) ,/ ‘Lf“’
30 (2110
15
e 20
Ju (obs.) 2071 Jn 4
10
A.]rlf (ObS,) /!
- //
10
5
tc
0 0
0 200 400 600 800 0 200 400 600 800
Fig. 5 (a). Comparison of 324J; n with Fig. 5 (b). Comparison of 34J; 7 with
Jen. (H=0-458 Gauss). Jen. (H=0-458 Gauss).
Specimen, No. 5. Specimen, No. 4.

tion holds for any value of f, although there is a discrepancy of a few
per cent between the intensity of J,, and the sum of 4J,,, while the
general tendency of the J,,~t relation and that of >4/, ,~1t seems
always to be parallel. Neglecting the small discrepancy, seeing that it
may probably be the result of experimental errors, we can establish the
following relation, at any rate, as a first approximation,

ti=t=At

2 ‘JJziil=Jut- (6)

;=0

Conversely, we compare J,, with the gradient of the J,, curve for
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the same range. The difference of J,,, n~J, . n, Where t,,,>t; and the
value of 47, , of the same specimen for the temperature range 4t
=t,.,—t;, are given in Fig. 6, 4t being actually taken as 50°C. Although

Jx10
' Jwx10’
20
. Jﬂl foss) 30
15
20
~—— A, (0b3)
10
10
5 /AJM {085)
Eﬂu'“ (cate)
te te
[ = e O s 0 =
0 800 0 200 400 600 800
. . 8 . . . 8 - .
_ Fig. 6 (a). Comparison ?t—']t nx dt with  Fig. ¢ (b). Comparison a—th rx Jt with
AT e, (H=0-458 Gauss). Aten. (H=0-458 Gauss).
Specimen, No. 5. Specimen, No. 4.

there is also a small discrepancy in these two quantities for the same
temperature range, the general tendency is identical. Hence we can
write, approximately,

Jti+1'll_thI[: %J:,-n"-’t—’:'dc]z‘-lh (7)
The fact indicated by egs. (6) and (7) shows that the net intensity of
the partial magnetism during cooling, ‘which arises during the cooling
from t,,, to t;, remains unchanged in the process of continued cooling
to zero or to ordinary room temperature in non-magnetic space. Thus
the partial magnetism during cooling brought about in different ranges
of 4t remains unchanged and accumulates, becoming a permanent feature.
The important fact shown by these equations is that the thermo-re-
manent magnetism of ¢ is the total sum of the partial magnetism during
coooling in the small ranges given by dividing the whole range from 0
to t, and that the difference in the J,,’s varying values of ¢ is equal
to the partial magnetism during cooling in the range of its temperature
difference. In other words, this is the law of composition and decom-
position of thermo-remanent magnetism.
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In the foregoing results the magritude of the partial temperature
range was always taken as 50°C. In the next step, the magnitude of
the partial magnetism during cooling corresponds to a 25°C range. The
observed results are given in Table VI and Fig. 7.

Table VI.

ddvn

7., /
4t Yo7 Ry

ZA/Jt n (Atzi-JsloIgC) Je

0:00x10-°
75> 50°C | 0-23x10~% 0-51x10-% 0-23%10-%
1200~ 75 0-28 0-51
125 = 100 0-41 0-99 0-92
150 — 125 0-48 1-40
175 = 150 0-48 1-02 1-88 0-88x10-3
200 - 175 0-54 2:32
225 — 200 0-91 1-83 4-23 1-94
250 - 295 0-92 5:15
275 — 250 097 1-98 612 2-15
300 — 275 1-01 : 7-13
325 — 300 117 . 8:30 2:76
350 — 325 111 9-41
. 375 ~* 350 1:29 . 10-70 3-38
400 — 375 1-71 12-41
425 — 400 3-25 . 15-56 6-96
450 — 495 4-01 19-57
475 — 450 1-54 . 2111 3.97
500 — 475 1-48 22-59
525 = 500 1-05 . 23-64 312
550 — 525 1-07 24-71
575 — 550 1-05 . 2576 2:02
600 —> 575 0-57 2633
625 — 600 0-57 . 2690 1-03
650 — 625 047 97 37
675 = 650 0-25 . 2752 0-21
700 — 675 0-06 27-58
725 — 700 0-00 . 27-58 0-04
750 — 725 0-00 2758

In this experiment, the 50°C temperature range for the preceding
experiment was divided into two equal ranges of 4jt=4;t=25°C. The par-
tial magnetism during cooling corresponding to it and 4it is denoted by
4J,, . and 4], , respectively, while that corresponding to J¢ is 4]y
as already noted. Comparing, then, the results given in Fig. 6 with those
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in Fig. 4, we get approximately for any value of ¢,
A,'J,;,,,—i—A.:J,i.H:th‘.,,. (8) A x1d

The feasibility of this relation
is graphically shown in Fig. 7. ¢
In the present case, the law of
composition of thermo-remanence,

4], (bs)
t-At ,

ZAJQJI:J:'II (8/)
o 47, (o)
also holds approximately, as ?
shown in Fig. 8. Since it seems

difficult under present experi- " te
mental limitations to calculate ‘o 200 400 600 800
the differential coefficient of the  Fig. 7. Comparison of A n+ Aye-nt with -
J, curve with respect to. tem- dJe e (H=0-458 Guss).

perature for an elemental range Specimen, No. 4.

narrower than 50°C, comparison of 4'J,, for a 25°C range with the
gradient of J,, is omitted.

Thus the laws of composition and decomposition of the thermo-
remanence were established as a :
first approximation in our quest. 3 0{1’"’ o
As it was difficult, however, to
measure quantitatively the par-
tial magnetism during cooling for
the narrower elemental tempera-
ture range by means of the pre-
sent apparatus, the order of inten-
sity of the partial magnetism 10
during cooling 4J,.,, correspond-
ing to a cooling down of about 2°C
at various temperatures in the

20

fe

0 o

same magnetic field, wasmeasured, 0 200 §00 600 800
the results being shown in Fig. 9.  Fig. 8. Comparison of S\4#/J, -1 with Jesr.
Comparin'g these results with (H=0-458 Gauss).
those of 47,, and of 4'J,,, we Specimen, No. 4.
can get the relation for any temperature,
" N
‘aa—t']z n- A{;t.” -~ d;l,,;”’*‘ "tg;n ’ 9)

where Jt, J't, and dt denote respectively 50°, 25°, and 2°C temperature
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range for cooling. Thus, we may conclude that the ratio of the inten-
sity of partial magnetism during cooling to the corresponding temperature

range at any temperature may
BJaxt0’ have a finite value in the limit-
6 ing case, namely, 4{—0, and
that the ratio agrees with the
differential coefficient of J,,,
with respect to temperature
at ¢, that is, that Alirf}ﬁ']"'”

tr

exists, and that it is a funec-
tion of temperature. Expres-
sing this conclusion by formula,

we get
oos . Mn
200 400 600 800 'hm_A—
. at»o At
Fig. 9. Comparison of 6J:.nr with 4Jen,
where §t=2°C and Jt=50°C. 9 o

=—jJ =P(t,H 10
Specimen, No. 2. ot Joen=P(E,H) (10)

In the preceding paragraph, we found that the effects of temperature
cooling and of applying an external magnetic field in order to cause
thermo-remanent magnetism can be expressed by their functions separated
into the function of ¢ and that of H. Since, on the other hand, thermo-
remanence is given by the sum of the partial magnetism during cooling
in each temperature range, obtained by dividing the whole range, through
which it must cool in order to bring about thermo-remanence, the effect
of the magnetic field on partial magnetism during cooling may be re-
garded as being quite similar to that on thermo-remanence. Conse-
quently we get

a7, y=H-47,, | - (11)

ZAJ“=J¢ ’ (12)
. AJ: mo__ _a_ _ '

lim“ ~H. ) =H-P(2). (13)

Summarizing the facts obtained from the foregoing experiments we can
establish the relation

0

3,.,,=I§-J,=1§-S P(t)dt, (14)

¢
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where the arrow means a vector quantity. And, more generally, if the
residual permanent magnetism at 0°C (in the process of causation of
which, magnetic field H is applied during the cooling range from ¢ to
¢ alone) is denoted by J¢7, we get

t’
Jgt,‘;:H-S P(t)dt. (15)
¢ r<t)

The general character of the function P(¢) in egs. (14) and (15), is
given by the curve shown in. Fig. 4 (a) and (b), which has two par-
ticular points on the temperature coordinate, i.e. £, and {,, where

P(t,) =Maximum, '
P(t>t)=0 '

On the other hand, we must examine the dependency of the magnetism
during cooling on the time required for cooling. For this purpose, the
intensity of 47, ,, corresponding to the range of cooling from 400°C to
850°C in 0'458 Gauss, was measured, the cooling velocity during the
range being varied. In actual treatment, the time for cooling during
a 50°C range was varied from about one minute to 80 minutes. The
result of the experiment is shown in Fig. 10. As will be seen from
the figure, the magnitude '

of 4J,, for the various . AJwxI0®

periods of cooling seems 4| ° - -

to be nearly constant, the ,/“//

fluctuations forming only
a small percentage, with a 2t
tendency for JJ,, to be-
come smaller, the shorter
the time of cooling. It

must, however, not be over-
looked that the experi- Fig. 10. Relation between 4J; - and the cooling
time () through At.

. Specimen, No. 4.

it

T
0 20 40 60 g0 min

mental error may not be
small, should the time re-
quired for cooling be shorter than ten minutes, because in that case the
uniformity of temperature in the specimen would be disturbed It may
therefore be concluded that, as a first approximation in our quest, the
causation of magnetism during cooling, and therefore of thermo-remanent
magnetism, is independent of the velocity of cooling, whence we get
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2

a—;--JJ, n="0. (17)
P(t) is then not a function of time =, that is,

ErP(t)=O' (18)

Consequently, equation (14) and (15) must be established independently of
the time of cooling.

4. Magnetization during Cooling.

As the next step, the intensity of magnetization at any temperature
during the heating and cooling processes in an applied external mag-
netic field was measured, the object being to see directly the way in
which thermo-remanence, which was already determined indirectly in
the preceding experiments, is caused. For this study, an astatic mag-
netometric method was used, the apparatus being shown in Fig. 11,
in which the distance between the
two magnets is 28:8 cm. Coaxially
with the horizontal line perpendi-
cular to the geomagnetic meridian
through the centre of the lower
magnet, two circular eylindrical sole-
noids are set, one of which is fixed,
while the other is movable with
the aid of an adjusting screw. The
fixed solenoid contains an electric
furnace made of non-inductively
wound pure nichrome wire. Between
the solenoid and the furnace, a
circular double tube of hard glass
is set coaxially with them, water
being made to flow through the
double glass tube in order to absorb
the heat that would flow from the
furnace to the solenoid and the
magnet system.

The specimen to be measured
is set coaxially in the furnace with
the axis-line of the solenoid. The movable coil is for compensating the

Fig. 11. Astatic magnetometer for mea-
suring magnetism during cooling.
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magnetic field at the point of the lower magnet due to the fixed sole-
noid. Provided the whole magnetometric apparatus is well adjusted, the
magnetic susceptibility of the pure nichrome wire being sufficiently small,
and the heat absorption of the water cooling device adequate, the sus-
pended magnet system scarcely deflects during the temperature change
from 0°C to 800°C in the furnace, when no rock specimen there is in
the furnace, that is, when it is empty. Consequently it was possible to
measure the intensity of magnetization of rock specimens in the furnace
with a certain degree of accuracy, provided the specific intensity ex-
ceeded 2x107¢ c.g.s.e.m.u. '

An example of the results obtained in this experiment is given in
Fig. 12 (a), (b), (c), where the values shown in (a) give the intensity
of magnetization J, of a fresh unused specimen in its initial heating
process, while those in (b) give that in the cooling process, J., both
being in the magnetic field of H; whereas (c) gives the intensity of
magnetization during the process of heating in non-magnetic space, the
specimen used having already, in its initial state at 0°C, the thermo-

J x10°

(a) — %, te
. 00 - ...“.200 : 400 600
Fig. 12. Intensity of magnetization in heating and cooling processes.
(a) J» in initial heating process. (b) J. in cooling process.
(c¢) Second heating process. H=1-30 Gauss.

Specimen, No. 2.

remanent magnetism caused in the process shown in (b). As is clear
from (a) and (b), Fig. 12, the intensity of magnetization undergoes a
marked irreversibility owing to change of temperature, that is, at tem-
peratures below a certain value, J, is much larger than J, at the same
temperature in the initial heating process. We shall now compare the
result shown in Fig. 12 (b) with the curve showing the relation between
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J.nrand t of the same sample, where the magnitude of J,, has been
corrected to H =130 Gauss with the aid of eq. (1). Since J, at 0°C
is nearly equal to J,.,, as shown in Fig. 13, it may be concluded that
J., at any temperature, gives the approximate value of the permanent
magnetism that was produced during the cooling from t, to t. The
permanent magnetism at ¢ in the cooling process from a temperature
higher than t,, that is, the magnetism caused upon cooling from ¢, to
t, we shall call J,(¢{,H). Precisely speaking, however, magnetization J,,
given in Fig. 12 is the sum of the magnetism that was caused during
the cooling and the induced magnetism H-7(t), where 7(?) is the specific
susceptibility at ¢, that is,

J.=J (L, H) +H-%(¢). ' (19)
demx1d Jax10’
30 30
20 AeH) K 20
10 ' 10
00 200 . 400 600 0

Fig. 13.  Relation between J. (t,H) and Jrn. (H=1-30 Gauss).
Specimen, No. 2.

In the case of the present example, H.(¢) seems to be negligible com-
pared with J,(¢,H) (disregarding errors of few per cent), because, J,,
which is believed to be H-y(t) in the heating process, is very small
contpared with J, (see also result given in Fig. 15), so that in the pre-
sent case we can put

J=J,(t,H). : . (20)

Assuming that eq. (20) holds in the example shown in Fig. 12, we get
approximately

JC(O,H)=J,C.,,, J.(t,-H) =0, (21)
and Jon=J(0,H) —J,(t,H) (22)

If, for example, eq. (22) holds, it must result, in the equation

1 1
Jt;‘ IIZEJC(O?H) ='§Jz,;m




Part 1.]  The Thermo-Remanent Magnetié:m in Igneous Rocks. 69

where J:,;-H:Jc(th)'

It will also be seen from Fig. 13 that this relation is satisfied. Fig.
14 shows that it is possible to establish the relations

0

- at J(ti’H) At:?‘]‘,l,]l" (23)
i: dJ,y=J (L,H). (24)
to-At

It may be an axiomatic conclusion, however, that relations (23) and
(24) are established, provided eqs. (6), (7), and (22) have been obtained.

AtH)x1o .
30} R /%ﬁjﬂ' . 2410’
- J(tH) (obs) |
12
20
/ AJM (obs.) 8.
10 '
Z(tH)at(cald) 4
0l o= - : 0
0 200 400 600

3 .
Fig. 14. Comparison of J. (t,H) with S 4J:x, and that ‘afich(t,H)xAt
with 4J;;- .

Thus, comparing egs. (21), (22) with egs. (14), (15), we finally get

 J(tH) =ﬁg

2

P(t) dt—I}-S P(t)dt:ﬁ-g P(tydt=J%y,  (25)
. I e i

and )

T4 H) =H T (t). (26)

The relation (25) may be additional proof that the almost net intensity.
of the magnetism produced during the cooling from ¢, to ¢ in H remains
as permanent magnetism, undisturbed by the continued cooling from ¢
to 0°C in non-magnetic space—a fact already referred to in paragraph
S 3). )
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Next, we take into consideration that the curve (¢) in Fig. 12,
showing the disappearance of the thermo-remanent magnetization during
the heating process in non-magnetic space, nearly agrees with that of
J.(t,H), although the sense of temperature change in the two cases are
the reverse of each other. In other words, the magnetism during cool-
ing caused in any range of cooling in the magnetic field of H, vanishes
when the sample is heated through that range in non-magnetic space.
This fact was independently ascertained at the time it was found that
the magnetism produced during the cooling from ¢ to ¢’ always vanished
when the specimen was heated to f, and cooled again in non-magnetic
space.

This result may suggest that the physical state which is capable
of being permanently magnetized as P(f;)4¢ in a magnetic field of unit
intensity, corresponds to the elemental cooling range J¢ at ¢;, the external
magnetic field affecting the initial physical state in such a way as to

. cause magnetization of I-} . P (t,) 4t, whereas the said physical state vanishes
when it corresponds to a heating of 4t at ¢,, independently of H, resulting

in the disappearence of magnetization H.P({,)4¢, regardless of the mag-
nitude of H. Putting the foregoing fact in a formula, we get

0

0
Et' —Jt'll‘: “Hp(t)’ (27)

ot

0
Jo=a—th(t,H) = —

where J, denotes the permanent magnetism due to the thermo-remanence
in H. As an example of the application of eq. (27) in practical treat-
ment, the specimen with its thermo-remanence saturated was heated in
non-magnetic space to ¢, and then cooled in a magnetic field of —H to
0°C. The intensity of the residual magnetism after this treatment
ought to be

o

¢
2
J,C.,,+S a—tJodt—HS Ptydt=J, 1—27 1 (28)
0 t

From the experiments in which the foregoing treatments for various
values of t, from 0 to t,, were carried out, it was proved, as shown in
Fig. 15, that relation (28) nearly holds. When eq. (28) is applied in
measuring thermo-remanence, we may get a double value for J/,., for .
any value of .

Finally, in the series of experlments w1th the ald of the magneto-
meter, measurement of 8J,, corresponding to a small cooling range d¢
at various temperatures t, was tried. Since quantitative measurement of
the value was difficult with the present apparatus, all that can be said
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here is that the intensity of 4J,, corresponding to d¢ cooling, was negli-
gible compared with the magnitude of J.({,H). In this examination,

the external magnetic field
of H=130 Gauss was ap-
plied only during the time
it was being cooled at 2°C
~ from ¢, throughout the entire
cooling range from ¢, to 0°C;
actually the time it was
~ kept at about 1'5 minutes in
every experiment. The mag-
nitude of ¢J, for various
values of ¢; is given in Fig.
16, where the J,({,H) curve
is also shown for compari-
son. As already discussed,
we must interpret the mag-
nitude of dJ, as being

oJ ,=H-y(t,) +H-P(,)-ot.

Whence, we get from Fig.
15 the result that in the
present example, the inten-
sity of the induced magnetism

Jx10'
10
/]u _2Jm(0b5.)
]
24 (0b5.)
5%'(Jut '2 lﬁ) At
fealc)

0 C.
-5
-10

Fig. 15. Comparison of .'J; 1 With

0 t‘,@A\J dt—H- OP(t)dt
e ~Jtc-n+‘ TR Je

H-7(t) in the cooling process is also negligible compared with J.. This
conclusion being already assumed in the interpretation of the result

N

200
Fig. 16. Comparison of ¢J. with J.(t-H).

400 c00°¢?

given in Fig. 11, it is possible to confirm the conclusion that partial
magnetism during cooling is smaller, the smaller the cooling range (see

eq. (7)).
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It must be noted here that the relation H.y(¢)<J,(t,H) holds only
for basic rocks, which have a large @, value, whereas in the case of inter-
mediate and acidic rocks, the @, of which is generally small, amounting
to 05~50, approximation of J,~J,(t,H) is not permissible. However,
since eq. (20) is used only as an approximation to get the relation of
J(t,H) to J,,, and to 4J.,, and since the result thus obtained must
be independent of this approximation, the final conclusion from eqs. (21)
to (27) would also hold in the case of magnetism during cooling of
intermediate and acidic rocks.

5. Examples of Actual Characteristic Values of Magnetism
during Cooling, and their Application to Geophysics.

We have found in the present studies general apparent characteristics
of the mode of causation of thermo-remanent magnetism, a number of
the values of the characteristics being defined. They are the intensity
of saturated thermo-remanent magnetism in unit magnetic field J, , the
coefficient of thermo-remanence Q,, and two particular temperatures
t, and t, in the characteristic function P(t). As examples, the actual
values of these characteristics of several basic rocks are given in Table
VII. These rocks are either basalt or basaltic andesite, the chemical and
normative compositions of some of them being shown in Table VIII.

As frequently mentioned, the magnitude of J,, of these basic rocks
is generally very large compared with their magnetic susceptibilities,
Q. being much larger than unity. Their temperature ¢, is from 300°C
to 520°C, while ¢, is from 580°C to 720°C, where the former is nearly
equal to the Curie-temperature of pure magnetite, the latter being
that of pure hematite. Whether transcendental temperature exactly
agrees with the Curie-temperature of the rock is, at present, not
clear. It will be presumed, however, that they are closely related to
each other. Besides the quantities mentioned above, other parameters,
in order to give the characteristic of the thermo-remanence, will be
considered, as, for example, the magnitude of P(¢,) and the sharpness
of the peak of P(f) around t,. A clear example of discrepancy in the
sharpness of the peak will be seen in the results shown in Fig. 4. All
these characteristics of the rocks may be closely related to their pet-
rological constitution, exactly like their susceptibilities and Curie-points,
Since, in the present study, the general mode of causation of thermo-
remanent magnetism has been found, although only approximately and
phenomenologically, the relation of the causation of thermo-remanence
to the composition of the rock wil be sought by measuring the charac-
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Table VIII. Chemical Compositions of the Specimens.

No. 1'»

No. 2!®

No. 39

No. 9

No. 14'%

Si0.
Al;0;
Fe,04
FeO
MgO
CaO
NagO
K.0
Hgo +
H,0—
TiO,
P.0;
MnO
BaO
S

Total

51-23
15-24
4-18
8-99
4-85
11-14
2:19
0-54

} n.d.

0-83
0-03
0-33
0-03
0-10
9968

50-78
17-05
3-65
8-76
455
11-08
220
0-25
0-95
0-01
0-77
0-11
0-21

100-39

53-01

14-83
5-35
9-98
3-82
9-97
1:76
0-46
0-01
0-01.
0-61
032

ir.

1006-13

52-45
13-43
4-60
10-02
478
10-23
1-99
052

} na.

1-39
0-33
0-31
0-03
0-18
100-32

51-67
19-88
325
697
3-30
946
2-18
0-40
1-26
1-00
0-92
0-10
0-16

100-55

Norms. Q

535
3-34
1835
30-04
10-57
12:01
12-01
6:02
1-52
tr.

468
1:67
1335
35-88
7-67
1134
1213
5-32
152
033

1267
2:78
14-68
31-15
685
9-54
12-79
7-87
1-21
0-66

961
3-34
1678
2615
9-41
11-95
12:80
671
2:58
0-65

9-31
2:23
18-35
43-39
116
8-23
8-83
4:63
1-82
0-33

teristics of various igneous rocks. This will be the subject of the
writer’s further studies on thermo-remanent magnetism.

It must be mentioned here that J. G. Konigsberger'™ and others
have already reported the results of their studies in the relation between
the magnitude of @, and grain-size and the chemical composition of the
ferromagnetic minerals contained in the rocks, namely, FeO, Fe,O,, and

12) 1. Iwasakl, Analyst. (I. IWASAKI, Journ. Cliem. Soc. Japan., 58 (1935), 1511.)
13) - S. TANAKA; Analyst. (H. TsuYA, Bull. Earthq. Res. Inst., 15 (1937), 215.)
14) S. NAKAzIMA, Analyst. (H. TSUYA, Zisin., 12 (1940), 475.)
15) This rock specimen was analyzed by Mr. S. NAKAzIMA in Dr. Tsuya’s laboratory
in the E.R.I. at the writer’s request. The writer wishes to express his sincere thanks
to these two gentlemen.
16) J.G. KUNIGSBERGER, loc. cit.
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TiO,, according to whom, a solid solution of magnetite and Fe,O; in
excess seems to give a large value of Q,, although the microscopic me-
chanism of this phenomenon is not clear at present. They also assumed
that the transcendental temperature in the process of causation of the
thermo-remanence is the Curie-point, chiefly because the former almost
agrees with the latter of pure magnetite. - On the other hand, R.
Chevallier' measured the temperature-change of magnetization of seven
rocks in a rather strong magnetic field (larger than 100 Gauss) by
means of the magnetometric method. According to him, the Curie-
point in absolute temperature scale of the solid solution of FeO and
Fe,0,, or more strictly speaking, of FeO and Fe;O,, decreases nearly
proportionally to the percentage of the amount of FeO in excess, that
is, the Curie-point seems to be proportional to the ratio Fe,0,/(FeO
+Fe,0,), so long as the ratio is smaller than 069, where FeO and
Fe,0, compose Fe,0, without excess of FeO or Fe,0,. On this ground
he proposed a phenomenological theory of the relation.

In the present study, however, the mode of causation of the thermo-
remanent magnetism was more minutely observed, where the permanently
magnetized component and the component reversible for applied external
magnetic field, namely, the induced magnetism, are separated in the sense
of a first approximation. Hence, the two temperatures ¢, and ¢, in P(t)
as well as its functional form, should be examined in their relation to
the composition of the material, while the temperature change of the
induced magnetization, reversible at any rate for a weak magnetic field,
should be measured independently, for example, by the ballistic method.

Aside from the foregoing problem, the results of our studies thus
far may furnish interesting suggestions on the physical conditions in the
earth’s crust, seeing that the two processes of causation and disappearence
of thermo-remanent magnetism occur in the earth’s crust, if its tempe-
rature either increases or decreases in a geomagnetic field. However,
the temperature in the earth’s crust at depths exceeding 20 km from
the earth’s surface is believed to be higher than 600°C, while the largest
part of the causation and disapperence of thermo-remanence is accom-
plished during the change in temperature from 300°C to 600°C. Conse-
quently, the change in magnetization of the earth’s crust due to varia-
tion in its temperature, if any, can be expected only in its outer part,
where the thickness of the crust is less than 20 km, 50 long as we assume
that the critical temperature of the thermo-remanence is not greatly
affected by increase of the hydrostatic pressure in the earth’s crust.

17) R. CHEVALLIER et J. PIERRE, Ann. Phys. Paris, 18 (1932), 383.
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On the other hand, according to J. Bartels,”™ secular variation in
geomagrnetism seems to be due rather to an inhomogeneous variation in
the magnetic condition of the earth’s crust, in view of the fact that
expansion of the secular variation by means of spherical harmonic
analysis failed to give such good convergency as that of the general
permanent field, and because the first term P,(cos?) in the expansion
series was not so prominent as in the latter. The isoporic charts by
H.W. Fisk' and by A.G. McNish® lead to the same conclusion. It
may therefore be presumed that the change in intensity of thermo-
remanent magnetism in the subterranean layer due to rise and fall of
the isotherm near ¢, would be a contributory cause of the secular varia-
tion. Explanation of the secular change by changes in the induced
magnetism caused by the rise and fall of the Curie-point isotherm in
the earth’s crust is regarded as beset with the difficulty that the magnetic
susceptibility of the rocks composing the upper part of the crust is too
small compared with the amount required for explaining the intense
focus of distribution of the secular variation. However, adding the effect
of magnetism during cooling to changes in induced magnetism, we may
expect the presence of a larger amount of magnetic change in the earth’s
crust; the total intensity amounting to about ten times that of induced
magnetism in the intermediate rocks, while in the case of basic rock, such
as basalt, given in Table VII, whose chemical composition is nearly the
same as the average composition of plateau basalt given by R. A. Daly,”
the intensity amounts sometimes to more than one hundred times. In
these circumstances, we may expect that the contribution of the tem-
perature change within the earth’s crust to secular variation in geo-
magnetism would be much larger than that estimated so far.*

The disturbance in the geomagnetic field as the effect of magnetism
during cooling would be particularly marked in volcanic regions, where
the temperature and its space gradient in the earth’s crust near the
surface may be much higher and larger respectively than those in other
districts. "A severe volcanic activity, especially, would be followed by
local anomalous geomagnetic changes, at any rate, in the neighbourhood
of the volcano. For example, as mentioned in the introduction to this
paper, the severe volcanic eruption of Miyake-island, in July 1940, was

18) J. BARTELS, Verdff. Preuss. Mcteor. Inst. Abhandl. 8 Nr. 2 (1935):
19) T.W. Fisk, Third Rep. Comm. Solar and Terr. Relationship. (1931).
20) A.G. McNIsH, “ Terrestrial Magnetism and Electriary,” 1939, New York,
. 329~330.
PP 21) R. A. DALY, “Igneous Rocks and the Depth of the Earth,” (1933) New York.
22) J.G. KUNIGSBERGER has also propozed almost the same theory on the origin of
the secular variation in geomagnetism, (Z.S. Geoplys. 8 (1932), 322.)




Part 1.1 The Thermo-Remanent Magnetism in Igneous Rocks. 77

accompanied with a fairly large geomagnetic change in the island. All
the results of geomagnetic observations accomplished by four parties
independently, namely, by R. Takahasi and K. Hirano,®™ with a vertical
intensity variometer; by T. Minakami,*® with a dip-circle, by the writer®
with a dip-magnetograph: and by Y. Kat6™ of the Téhoku Imperial
University, with an earth induetor, gave without exception a large
secular variation, more than twenty minutes in dip or a few hundred
gamma in vertical intensity. The details of these results will be given
in the reports by the respective observers. We shall merely. say here
that we have not the slightest doubt that a local anomalous variation
of considerable magnitude occurred simultaneously with the voleanic
activity.

Although so far, we have not obtained so precise a knowledge of
the distribution of the anomalous variation as to enable us to determine
the mechanism of the origin of the variation uniquely, there will be no
doubt that much of the variation was due to the change in the thermo-
remanent magnetization of the basaltic rocks of the island.

It is scarcely necessary to stress the fact that the effusive rocks
ejected from volcanoes always retain natural remanent magnetism of
fairly large magnitude, nor that permanent magnetism is the thermo-
remanent magnetism produced during its cooling in the geomagnetic
field, as a number of investigators have reported. Consequently, that
the geomagnetic field near a large mass of newly ejected rock slowly
varied owing to the change in the magnetic intensity of the mass as
the result of magnetization caused during cooling, can also be - readily
considered, the phenomenon having been recognized by a number of
investigators,™

6. Conclusion and Summary.

The equations of condition for causing magnetism during cooling,
established in the present study, may be accepted as a first approxima-
tion to the unravelling of the phenomenon. The experiments always seem
to be subject to errors of a few per cent, namely, the error in measuring
the temperature of the specimen owing to its lack of homogeneity, and

23) R. TAKAHASI and K. HIRANO, Zisin., 12 (1940), 510.
24) T. MINAKAMI, ibid. 507.

25) T. NAGATA, ibid. 496.

26) Y. KATo, Proc. Imp. Acad. Japan., 16 (1940), 359.
27) Y. KaTo, loc. cit.

T. MINAKAMI, Read before the 165th meeting (1940) of the E.R.I. Not yet
published. .
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to that in measuring the magnetic intensities. The other serious cause
of errors is that the exact standard condition of a rock was not attain-
able, not even in the initial state of the experiment at 0°C, for there
is no means at present of knowing what is the normal state of a rock
both from the standpoint of petrology and that of the magnetism of
such a complex aggregate of matter as a rock. These obstacles are
inevitable in the quest for a full understanding of the apparent magnetic
properties of a rock. In order to circumvent this difficulty, it is neces-
sary to examine the property of magnetism during cooling of each mineral
composing a rock, the mutual reaction between them, and lastly the
Jaw that functions them, such as the apparent magnetic property of

a rock.
In the present phenomenological description of the mode of causation

of magnetism during cooling, this magnetism at whatever temperature, is
regarded as a permanent component separated from the component that
is reversible with respect to the applied magnetic field. Although this
is done for convenience, it does not seriously differ from the truth, not
at any rate within the limits of the apparent intensity of magnetization.
The reliability of this separation was directly proved by the fact that
the intensity of magnetization of a sample diminished slightly in magnitude
of the order of the magnetization induced, the permanent component
defined as J,(t,H), however, remaining unchanged when the external
magnetic field was removed at any temperature during the cooling pro-
cess. This fact may allow us to presume that a part or whole of the
induced magnetism at ¢ remains as permanent residual magnetism when
the temperature becomes ¢—d¢, when induced magnetization correspond-
ing to t—d¢ also appears.

Although, whether this phenomenon is due to a character of the
ferromagnetic minerals in the rock alone or whether it is the result of their
reaction with other minerals, is not clear at present, there is no doubt
that the phenomenon is a result of the ferromagnetic property of the
semi-conducting material. Moreover, the relation between P (?) and ¥ (%),
if obtained, will give a clearer aspect of the mode of causation of the
magnetism during cooling. According to measurements of the tempera-
ture change in magnetic susceptibility y(¢) of a few basic rocks in a
magnetic field of 22 Gauss, z(t) seems to increase about 20~509; at
temperatures of from 100°C to 200°C below the Curie-point, although
the increase was not so marked as that in iron in a weak magnetic
field, as reported by J. Hopkinson™ and others. After measuring (%)
in a weaker magnetic field, a comparison of the characteristics of 7(1)

28) J. HOPKINSON, Proc. Roy. Soc. London, A. 45 (1889), 318.
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and P(¢) will be made. For the present, however the writer presumes
that a part of ¥(f) may concern P(¢).
Summarizing the conclusions reached in the present study, we may
say that
(1). Thermo-remanent magnetism is defined as the magnetism that
persists (remains) after the specimen has been cooled to 0°C or
. to ordinary room temperature.
(2). The magnetism J{2, caused during cooling from ¢ to ¢’ in magne-
tic fleld H is given by

-
}gf;),=z§-g P(bydt,
where P(t) has the functional form given in Fig. 8.

(3). The causation of magnetism during cooling is independent of
the velocity of cooling.

(4). The permanent component of magnetization of a fresh specimen
in the initial heating process is nearly zero, regardless of the
intensity of H.

(5). Although J¢ seems to be reversible with change in temperature,
disappearence of magnetization due to increase in temperature
does not depend on H.

(6). Although P(¢) seems to be in the same order as or rather smaller

]

than y(¢), the magnitude of S P(t)dt is usually much larger than

t
the susceptibility.

(7). The causation and disappearence of magnetism during cooling are
expected to occur in the earth’s crust. This phenomenon is re-
lated to secular variation in geomagnetism as well as to regional
and local magnetic changes.

In conclusion, tne writer wishes to express his sincere thanks to
Dr. H. Tsuya, Dr. C. Tsuboi, and Dr. R. Takahasi, for their encour-
agement and advice in the course of the present study, and to Prof.
S. Kaya for his interest in this study. His hearty thanks are also due
to the Hattori Hoké Kai, with the aid of whose grant the present ex-
periment was carried out, and to Mr. H. Isiwara for assistance rendered.
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