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1. Introduction.

In the preliminary note® to this study, the general phenomenological
characters of thermo-remanent magnetism in igneous rocks in a weak
magnetic field were described. Summarizing the conclusions arrived at
in the previous study, we found that the thermo-remanent magnetization

jt,y(t’), caused during cooling from ¢ to # in a magnetic field of ﬁ,
is given by
> > ¢
J,7H(t) =H-S P@)dt, (1)
t/

where- P(%) is a function of temperature alone, having the characteristics

P(t>t)=0, P(t,)=maximum, | (2)
and

0
5P () =0,

where © is the time required for cooling through unit temperature of
the range. As will be seen from eq. (2), if the upper limit of the
integration on the right-hand side of eq. (1), ¢, is higher than t,, the

thermo-remanent magnetism caused during cooling from ¢ to 0 in ﬁ
is always constant and equal to that caused during cooling from ¢, to
0 in the same field. Hence, this remanent magnetization is called the
saturated thermo-remanent magnetization in H, being denoted by Jt.,H.
Then, A
. . [t
'Jta,H=H°S P(t)dt, (3)
0

1) T. NAGATA, Bull. Farthq. Res. Inst., 19 (1941), 49.
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so long as the intensity of H is small, while, on the other hand, perma-
‘nent magnetization J¢,m({) disappears with increase in temperature in
a magnetic field of H’, following the law :

_%[Jt,H(t')]= —H-P(t), : (4)

where H on the right-hand side of eq. (4) denotes the intensity | o’f'
the magnetic field applied during development of the thermo-remanent

magnetization Ji, g ('), the magnetic field I:I’ applied during the dis-
appearance of that permanent magnetization owing to increase in tem-
perature affecting only slightly its mode of disappearance. :

For convenience, the characteristic quantities in P(f), given in-eqs.
(1) and (2), namely, ¢, and t,, are here called the transition tempera-
ture and critical temperature in thermo-remanent magnetism respect-
ively. The figure of characteristic function P() of a number of rock
specimens has a single peak for temperature, that is, there is only one
transition temperature in a P(f) curve, although every specimen has
a value that is peculiar to itself. Such a relatively simple form of
P(f) as that just mentioned will be called the fundamental form of
P(t). It was also found that some rock specimens have not only one,
but two, or sometimes three, transition points for temperature, their
P(t) curve being presumed to be the result of superposition of two or
three fundamental P(#) curves, each of which, as mentioned above, has
a rather simple form. This conclusion may be expressed by

P(t):‘—Eij(t) ,
where
P,(t,;) =maximum. -

It is presumed that the law given by eq. (1) also holds in the
process of development of thermo-remanent magnetism in these rocks
that have more than two transition temperatures. In the first part of
this report, experimental proof that this presumption is correct will now
be shown. .

The previous studies on the development of thermo-remanent
magnetism mainly concerned with the phenomenological mode of its
development, although it may not be possible to make clear the physical
mechanism of its causation from the results described alone, since this
phenomenon of development of thermo-remanent magnetism seems to
be peculiar to material that are made up of complex aggregates of
various kinds of micro-crystals, such as rocks. So long as the present
experimental data go, it is not found in the usual ferro-magnetic sub-
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stances of polyerystaline structure, nor in those of a single crystal.
Therefore, the physical characteristics of igneous rocks like ferro-magnet-
ic substances should be thoroughly understood before the phenomenon of
thermo-remanent magnetism can be physically interpreted. As the first
step in this study, the mode of development of thermo-remanent magnet-
ism was compared with that of change in magnetic susceptibility with’
temperature, thetransition and critical temperatures in the former es-
pecially being related to the Curie-point temperature in the latter.

Relations (1) to (4) were established as the general mode of thermo-
remanent magnetism in a weak magnetic field. Near the end of this
report, we shall examine the dependency of thermo-remanent magne-
tization on the intensity of the applied magnetic field, without the
restriction regarding the ¢ weak ” magnetic field.

Although we have not yet reached our final conclusion on the physi-
cal mechanism of development of thermo-remanent magnetism, the re-
sults obtained in the present study will add to our knowledge of the
physical conditions of the earth’s crust.

2. The general mode of development of
thermo-remanent magnetism.

The rock specimens examined in the present study were ejecta
from Volcano Huzi (Fuji), the petrographical and chemical characters
of which were studied in considerable detail by H. Tsuya,” according
to whom, these rocks are ‘

No. 1. Lava of Hoei crater, olivine-basalt

2) H. Tsuva, Bull. Earthq. Res. Inst., 15 (1937), 215.
Chemical Composition of Huzi ejecta (after H. Tsuya).

wim‘m No. 1. ' No. 2. ] No. 3. ] No. 4. { No. 5. l No. 6. No. 7. ‘ No. 8. l No. 9.
T

SiO, 49-60 4960 50-28 5064 | 5066 51-05 51-09 5130 63:84
Al,03 16-90 16-14 18-30 1858 1825 18-35 17-62 1874 1582
FeyOg 540 3-67 450 304 478 276 2:64 1-83 0-95
FeO 665 990 6-89 7-2% l 572 772 842 8-34 502
MgO 5-92 479 3-80 : 558 i 4-94 463 509 4-80 1-67
CaO 10-03 8:80 9-76 1000 | 9-93 9-90 9-68 976 4-88
Na,O 2-48 2°90 2:87 264 ‘ 278 2-81 2:80 255 3-88
K:0 0-58 0-93 0-94 061 | 077 0-81 076 071 212
Hs;O+ 0-50 055 0'20, 0-20 i 38 0-40 0-28 022 045
H,0- 0-12 014 0-08 006 : 0-13 0-11 0-06 0-06 —
TiO, 1-40 1-97 178 1'15 ; 1-38 1441 1-38 1-43 087"
P3O; 0-20 0-31 0-34 0-16 025 0-24 0-26 0-29 0-22
MnO 0-21 0-23 0-20 017 0-17 018 0-21 0-28 017
Total 10005 99-93 99-94 10012 10019 100-37 100-29 100-31 90-89
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Tawarano-taki lava, olivine-basalt (almost aphyric)

No. 2.

No. 3. Makuiwa lava 1, olivine-basalt

No. 4. Makuiwa lava 2, two-pyroxene-bearing olivine-basalt

No. 5. Makuiwa lava 3, augite-bearing olivine-basalt

No. 6. Makuiwa lava 4, Hypersthene-augite-olivine-basalt

No. 7. Ejecta from Hoei crater, 1707, augite-bearing-olivine-basalt
No. 8. Aokigahara lava, two-pyroxene-olivine-basalt

No. 9. Karasu-iwa lava, aphanitic andesite, (pitchstone)

First, we measured the residual magnetization after partial magne-
tization during cooling® of these rocks. That is to say, while a specimen

was cooling down, a magnetic field of ﬁ was applied, but only within the
temperatnre range from %,,, to {;,, while in other temperature ranges
the external magnetic field was always kept at zero. The specimen that
was cooled down to 0°C shows a residual permanent magnetization,
which we shall call here partial magnetization during cooling, denoting
it by 4J¢,,H, while dt=t,,,—t;. The apparatus used in this experiment
was the same as that used in the former studies, the temperature range
of 4t in the present measurement being always taken as 50 degrees.

According to the definition of the characteristic function P(?), it
is given by

1 . AJti,H
PO =g lm )

Actually, the P(f)~t relations shown in Table I and in F)g 1
were obtamed with the aid of the approximate relation ‘
1 AJt,,
7' a4 (6)

As will clearly be seen from the numerals in Fig. 1, the P(¢)~t
curves of some rock specimens (Nos. 1, 3, 4, and 5) have the standard
type mode, while the others (Nos. 2,6,7,8,and 9) have the complex
mode, which is interpreted as the superposition of two fundamental
curves of P(f). The characteristic quantities of thermo-remanent
magnetism, i. e. the transition temperature ¢,, the critical temperature
t., the height .of the peak in the P(t) curve P({,), the specific intensity
of the saturated thermo-remanence J¢, and the coefficient of thermo-
remanent magnetism Q:=J¢ /7, are given in Table III, where is also
shown the temperature range (2J) between the half-value points of
P(t,)—a measure for expressing the sharpness of the P(t) curve,—
which is expressed by B

P(t ¥ —At)

3) T. NAGATA, Bull. Earthq. Res. Inst., 19 (1941),: 66.



196 T. NAGATA.

20=t,—t,, t,>t,>t,,

P(t)=P(t) =—P(t,) . (7)

Taking a few typical specimens, the thermo-remanent magnetiza-
tion J¢ g (0)/H, directly obtained in the experiment, were compared w1th
the values of JP(t) clt(~ ZAJt,,H> of the same specimens, the latter

£,=0
being calculated from the experimental data given in Table I, while

H 4t
As will be seen from Fig. 2 and Table II, eq. (1) seems to hold

approximately in any case, regardless of whether P(t) belongs to the
standard type or not. We may, therefore, say that eq. (1) holds in
the general case for the mode of causation of thermo-remanent magnet-
ism in igneous rocks; that is, if

P(t)=§Pj(t) , (8)

Jt ,H(0) was also compared with P(t).?

Table I. Values of P(t) of Huzi ejecta.

P@)= (e.m.u.)

a7
4t-H

Specimen
No. 1.| No. 2.| No. 3. | No. 4. | No. 5. | No. 6.| No. 7.| No. 8. | No. 9.
Range in
Temp.
100~ 50°C (028 0-26  10-20  [0-26 _5’0-36 _f0-24 _50-08 040 j0-20 .
X1079 X107% X10~% X10~% X10-5 X10-5 X10-9 X105 x10-5
150~100 0-18 /710-36 ’7/0-08 7|0-30 ’7(0-40 /7[0-32 /7[2-38 ’7|3-08 ’’|0-42
200~150 0-28 ”/0-28 (018 ”|0-42 ”l0-46 ’|0-32 ”666 "i6.74 042 ¥
250~200 042 7(2:66 7{0-12 7|0-42 7|0-40 /*|3.98 #(11-687/|3-18 ” 7:08 /7
300~250 044 ’|1-02 ’/|0-50 ”’|0-88 ’7(0-26 ’’|4-74 "7|9-74 ’’|2:34 /’|3-98
350~300 1-24 ’710-98 “7j0-24 ”7|0-10 ’/0-46 ’7|0-88 ’*(5:68 /7|0-98 ’|0-39 1’
400~350 2:3¢ 771062 710:66 7|0-52 ‘7 0:30 ’710-96 ’’|5-36 /7,0-84 ’’|0-4a2
450~400 190 ”70-80 ’|0-66 ”'|0-16 ”“0 90 710-88 ‘1672 /102 '|0-26
500~450 4-98 /7|2-08 /|4-18 /|2:12 /7 4:02 (1-60 78-52 /’|3.50 7|g-39
550~500 10-04// 464 //|8:36 //|3-60 *7-98 ’’|5-08 ’7|15-10 %/ |d-16 7’|1.96
600~550 3-74 »7|5-28 562 //|1-40 ’’'8-44 ”|4-50 ’’|10-36/ [3-08 "’|0-88 ’*
650~600 0-3¢ /710-28 ’/|0-24 ’'[0-06 ’''0-58 /7|0-16 ’’{1-28 ’’|0-18 ’|0-08
700~650 0-18 71006 ’/|0-08 //{0-16 '*0-26 7|0-22 ’/{0-28 ’/{0-00 ’’|o-10 ”
750~700 — — - | = - — 042 7| — —

4) The method of determining the value of J;n(0) was already described in the
previous paper. T. NAGATA, loc. cit.
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the thermo-remanent magnetization in H is given by
- L (t R t
Jt,Ht)=H-\ P()dt=H- >\ P;(¢)dt. (9)
v 7
Table II (a).
Specimen No. 5. H=0-96 Oe.
Range 47 oJ 47 J
of Temp. H gt <4t =y H Temp.
100~ 50°C | 0-20X10-3 — 0:20x10-3 0-36 X103 100°C
150~100 020 ” 0-02x10-3 0-40 150
200~150 0-23 7 002 " 063 I 039 7 - 200
250~200 0-20 0-22 083 250
300~250 013 ¥ 022 7 096 083 300
350~300 0-23 7 001 7 119 7 0-84 350
400~350 015 7 0-64 " 1-3¢ 7 1-48 7 400
450~-400 045 7 113 7 179 7 2:61 7 450
500~1450 201 264 380 7 595 500
550~500 399 7 455 7 779 7 9-80 550
600~550. 422 7 376 12:01 12:56 7 600
650~600 029 " -0'16 12:30 7 12440 7 650
700~650 013 0-08 12:43 7 12:48 7 700
Table II (b).
Specimen No. 9. H=0-96 Oe.
Range 47 oJ 47 J
of Temp. o ot X 4t E—H % Temp.
100~ 50°C | 0-10x10~3 0-12x10-3 0-10 %103 0-12x10-3 100°C
150~100 021 ” 013 031 7 0-25 150
200~150 021 162 " 052 7 187 7 200
250~200 3-54 301 7 406 4.88 250
300~250 1-64 098 /- 570 7 5-86 ! 300
350~300 016 7 010 7 5.86 596 350
400~350 091 023 ¥ 6-07 619 400
450~400 013 7 0-08 ¥ 6-20 ¥ 627 450
500~450 016 017 " 636 644 1 500
550~500 098 7 053 7 7:34 697 ! 550
600~550 044 083 7:78 7:80 600
650~600 0-04 0-05 782 M 7:85 7 650
700~650 005 —0-05 7 7:87 " 7:-80 7/ 700
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0 200 400 600 tct 0 200 400 600 te
Fig. 22. Comparison of Je,1(0)/H with Fig. 2b. Comparison of Jen(0'/H with
%EAJ;,H. Specimen No. 5. *;fZAJe,n. Stecimen No. 9.
AJ s
—/_x 10
H &l x10°
6 4 .
. ﬁ%lu/a)(calc) "
2 /—'(055/
2.
0 bt : : . 0 S . =
0 200 400 600 te 0 200 400
. AJ
TFig. 2¢c. Comparison of AI%"L' with Fig. 2d. Comparison of Jﬁﬂ with
1 9 . . 1 a9 ) . .
H 5 Je,n(0) X 4t. Specimen No. 5. " 5 Je.n(0) X /'t Spemm‘en No. 9.

3. Relation between the mode of change in magnetic sus-
ceptibility and that of thermo-remanent magnetism.

The method of measuring the change in susceptibility of rocks with
temperature, together with some results of measurement, were already
described in the writer’s previous paper.” In his instrument for measur-
ing this, the susceptibility of the rock specimen in a vacuum furnace is
measured by means of the ballistic method, with an error of 1~3 percent,
in a magnetic field of 15~2-2 Oersteds, where, as he has frequently
noted, the induced magnetization H . %(t), which is reversible with res-
pect to the applied magnetic field, is rigidly separated from the per-
manent compoment of magnetization that is due to the thermo-remanent
magnetism J¢,, g (t) .

5) T. NAGATA, Bull. Earthq. Res. Imst., 19 (1941), 579.
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Table III. Specific magnetic susceptibility of Huzi
ejecta at various temperatures.

\\\ Specimen No. 7. No. 8. No. 9.

Temp.\ H C H C H C
20°C 1-86X10~3 1-77x10~% 0-94x10-3 0-95X16~% 0-40X10-3 640 10~3
40 197 7 |18 7 115 " | 110 # | 043 ¥ | 043
60 217 7 | 1.93 7 | 142 # 1-39 7 046 7' 0-47 7

) 80 - 232 " 1905 7 | 166 ” | 163 ” | 049 " | 049 ¥
100 253 " | 213 7 | 193 ¥ |177 v | 052 7 | 053 #
120 269 | 295 " 206 Y |1.91 7 | 055 ” | o857 #
140 286 7 | 240 7 | 214 7 |19 » | 060 ” | 062 ¥
160 292 7 | 254 7 | 211 7 | 189 7 | 063 M | 065 ”
180 295 " 1953 /172 7 {166 7 | 067 " |066 ¥
200 269 " | 2.41 ” | 129 7 [1.96 " 069 7 | 067 "
220 238 7 | 211 7 | 097 7 | 108 ” | 056 " | 056
210 200 7 | 179 7 | o081 ” |082 |03 " |o037 »
260 163 7 | 151 7 068 ” | 062 ” | 028 | 95 »
280 138 7 1120 ~ |o6r ” |o047 ” |02n 7 | o018 v
300 127 7 1101 7 | 053 7 | 044 M | 015 M | 013 7
320 119 7 [ 099 7 | 050 | 043 [ 013 7 | 013 /
340 114 7 0-93 /7 | 049 7 | 942 »# 0-12 7 012 7
360 1L " |08 7 o048 7 | o042 ” | 012 # | 013 »
380 05 7 083 7 | 048  |o040 7 |013 7 |12 »
400 09 078  |048 # | 040 ” | o011 ” | ¢12 ¥
420 089 ” | o070 ¥ |o047 7 |039 7 |o12 v | 912 "
440 079 7 1063 ” 046 7 | 039 7 |12 7 |12 »
460 070 7 | 060 | 0-43 0-33 7/ 012 7 012 7
430 057 " | 048 # | 039 7 | 036 ” |11 7 |o12
500 048 7 | 041 ” | 034 7 034 # |o11 7 |‘ga0 »
520 038 " 1030 7 031 7 [028 7 | 009 # |10
540 019 “ o016 7 |02t 7 | 018 7 | 006 ” | 006 ”
560 010 ” | 008 7 | 010 7 | 009 # | 003 # | 003 »
580 001 ” 000 “ 001 7 |001 7 |001 ” | 000 »
600 000 ” | 000 7 | 000 7 | 000 7 | 000 ” | gQp
620 000 ” 1000 7 | 000 7 |=001 ” | 000 ” |—go01 ”
640 0:00 ” | 000 s |—00L ” | 000 ” |—0.00 ” | g01 »
660 L I 000 000

Since the observed values of y(f) of a number of specimens of
Huzi ejecta have already been reported, these values of the remaining
other specimens alone are shown in Table IV and Fig. 3. Seeing that
the y(t)~t relations in the heating and cooling processes are nearly
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the same, we may say that the change in susceptibility of Huzi ejecta
with temperature is almost reversible with respect to temperature
variation. ,

On the other hand, we have already found that the susceptibility
of some specimens change monotonously with change in temperature,

X(t)x10°
3

xrt)x10’

0

200 400 600 tC

Fig. 3a. Change in susceptibility with

1.0

08

06t
04}

02}

0

temperature.
Specimen No. 2. H=2-15Oe.

X (1«10’

0 200 400 600 tc

Fig. 3¢c. Change in susceptibility with
temperature. o
Specimen No. 9. H=2-74 Oe.

200 400 600

Fig. 3b. Change in susceptibility with
temperature.

Sp_ecimen No. 8; H=2-15 Oe.

while others change stepwise
with temperature, like those
given in Fig. 3. Hence, like the
mode of development of
thermo-remanent magnetism,
the mode of change in suscepti-
bility of rocks with tempera-
ture is assumed given, in the
case, by the superposition of
general a few fundamental
modes y,(f), each of which
has a simple functional form
almost the same as that of the
usual ferro-magnetic substan-
ces. That is to say,

1) =31,0),

where to each of the separated curves y,(f), a mean Curie-point 4,

tc
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and an apparent Curie-point 6, are assumed to correspond, 0, and 0,
being given respectively by

I o .
_[?{xj(t)]t=0j?max1mum y

1, (0)=0. : a1y

The observed values of 0, and 6, of Huzi ejecta are given in Table
III, where the specific susceptibility at room temperature, the largest
values of susceptibility at various temperatures in the range from 0°C
to the highest apparent Curie-temperature, and the temperature at which
it is the largest, are shown.

Now, 'in order to compare these results with the modes of develop-
ment of thermo-remanent magnetism, the ¥ (¢) curves in the heating pro-

cess and the J¢, (%) (= ﬁcP(t)dt) curves of the same specimens are shown

together in Fig. 4, while transition temperature ¢,;, the mean Curie-tem-
perature 4,, and apparent Curie-temperature 6,, are graphically shown in
Fig. 5. in the form of spectra

Nof IR with respect to temperature.
No§ i | ' Comparing the mode of
Nod i P(t) Witll that of y(¢), or
Nod i t,; with 6, and 0;, we find
No6 ; that the standard mode of
No7 :l ﬂl P(t) corresponds to that of
Woo T I 7(t), and the complex mode
i in the former to that of

No& . the latter, each separated
Nod I ! curve y,;(t) in susceptibility
0 200 400 600 T corresponding to each P,(t)
Fig. 5. Characteristic temperatures of ejecta in thermo-remanence. In
from Volcano Huzi. other words, a transition
Full line: transition temperature ¢, temperature ¢, in thermo-

Dotted line: apparent Curie-point 7,

. . remanent magnetism always
Broken line: mean Curie-temperature §. g y

corresponds to a mean Curie-
point 4, and to an apparent Curie-point 6,, and further the tempera-
ture of %, is nearly the same as those of 0, and 0,, although the former
does mnot exactly agree with 6, and 0,. This correspondence will be
seen more clearly in Fig. 5.
Since the error in ‘determining the temperature of the specimen in
both cases of measuring P(f) and y(f) amounted to 5~10 degrees, no
rigorous values of t,, 0,, and 0, have yet been obtained. Generally
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speaking, however, the transition temperature is 40~80 degrees lower
than the apparent Curie-temperature. S o

It may thus be concluded that the thermo-remanent magnetism is
developed during cooling from the apparent Curie-temperature through
a temperature range of about 100 degrees; or in other words, during
the time that the magnitude of the saturation magnetization of the
specimen is increasing immediately after it has been transformed into
the ferro-magnetic state from the para-magnetic state.

Dealing now specially with the modes of P(t) and x(¢) of Huzi
ejecta, we may say that they belong either to the standard mode or fo
that constituted of the two fundamental modes, one of which is the
standard mode, while the other has its transition point and its appa-
rent Curie-point at about 200~250°C and 290~320°C respectively,
whence it may be presumed that the ferro-magnetic minerals in Huzi
ejecta consist of two mineral groups of different chemical composition.
One of them, which corresponds to the standard mode of P(t) and % (%),
will have nearly the same composition as magnetite, since its apparent
Curie-point almost agrees with that of pure magnetite, in contrast to
which the chemical composition of the other group of ferro-magnetic
minerals, which corresponds to the mode of y;({) (an apparent Curie-
temperature of which is 290~320°C), differs from that of magnetite,
for which reason the corresponding modes of y,(¢) and of P,(f) will
be called here the extraordinary modes. Our experiments show that
the extraordinary mode in P(t) is mnearly zero in some specimens of
Huzi ejecta, while in a few others it is clearly prominent compared
with the standard one, showing that in various rocks from Volcano
Huzi, the amount of ferro-magnetic minerals corresponding to the extra-
ordinary mode varies from zero to a certain fairly large value.

In order to see the relation between the mode of P(%), or of (%),
and the chemical composition, if any, the values of P(t..)/ {P(tm)
+P(tue_)} were plotted against the ratios FeO:Fe,0,; TiO,, as shown
in Fig. 6, where t, and t, denote the transition femperatures of the
extraordinary and standard modes respectively. It will be seen from
this figure that the extraordinary mode of thermo-remanent magnetism
grows as the relative amount of Fe,0, decreases. S

On the other hand, ‘taking into consideration the fact that the
minerals concerned with the magnetic behaviour of rocks will be limit-
ed to magnetite (FeO .Fe,0,,), ilmenite (FeO.TiO;), and their s‘olid‘i
solutions,” the values of P(tuc,)/{P(tw) +Pt,s,)} were again plotted

6) See for examples; M. KAMIYAMA, Journ. Geol. Soc. Japan, 36 (1629),°12;
H. L. ALLING; °*‘Interpretive Petrology of the Igneous Rocks.” (1936), pp. 140.
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against the ratio of ilmenite to magnetite in norms, i. e. I (Mt+11), as

shown in Fig. 7.

It is then clear from Fig. 7 that the extraordinary mode in P(t)

S

\%‘%%‘i‘@
0% N
e

Fig. 6. Relation between the value of
P (tue )/ (P\tos )+P(toe)} and the ratio

Fe;N;: FeO: TiO..
0 P(fel)/{P/ﬁra}*P/ffﬂ))

vl

05

0 00
o1 02 0.3 04 0.5 0.6
1/ (M#I/)_‘"
Fig. 7. Relation between the value of
P (toe.)/ {P(tos) + P(toc.)) and the ratio
Iy (Me+10).

begins to appear when the
relative content of ilmenite
just exceeds the value, say,
11/ (11 + Mt) =030, and that
it grows as the amount of
Il increases. As to the
mode of y,(?), it was also
found that, qualitatively
speaking, its extraordinary
mode begins to appear
when the content of il-
menite exceeds the same

ratio as that just mention-
ed, from which it may be

concluded that the extra-
ordinary mode in y(¢) as
well as in P(Z) is closely
related to the relative
amount of Il, or T%0,, in
the ferro-magnetic mine-
rals contained in the rocks.
It should be noted, howe-
ver, that this effect of il-
menite on the magnetic
behaviour of rocks may
not be due to the amount
of pure ilmenite in the
rocks, but to the presence
of solid solutions of ilme-
nite and magnetite, or to
that of a more complex

mineral, composed of Fe,0;, FeO, and TiO,, since the appearance of
the extraordinary mode depends on the ratio of II/ (Il1+Mt), or that of
Il/Mt, and not on the amount of Il itself, which is nearly the same in
all specimens, as shown in Table III and in Fig. 6, and since the
. intensity of magnetization of ilmenite is very small compared with that
of magnetite, the former being only about 1/20 that of the latter.”

7) J. G. KONIGSBERGER, Terr. Mag., 43 (1938), 119.
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4. The dependency of thermc-remanent magnetization
on the magnetic field applied.

That the intensity of thermo-remanent magnetization at any stage
during the process of its development is proportional to that of the
magnetic field applied, provided the last-named is not intense—say,

30 1 .]tul{(J)Xfoz‘t

Jefol 19
20 t ]
0 Jeenl 0} 2
0 r 41
H
0 1 ] 1 N 0‘
0 10 20 20 40 O

Fig. 8a. Re]ation between the intensity of saturated thermo-
remanent magnetism and that of the applied magnetic field.
(Miyake-sima, Yoridai-no-sawa lava).

Jed0)x 107

301

0 : : : 0
0 10 20 30 ——y 40 0

Fig. 8b. Relation between the intensity of saturated thermo-
remanent magnetism and that of the applied magnetic field.
© (Miyake-sima, Akabakkyd lava). .
smaller than 1 Oersted—has been already proved experimentally. So long
as we .are concerned only with the magnetic behaviour of igneous rocks
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in the earth’s magnetic field (0-35~ 06 Oe.), the various laws of thermo-
remanent magnetism established under the limitation that the magnetic
field shall be weak, will be sufficiently useful.

On the other hand, because the general relation between the intensi-
ty of thermo-remanence and that of the-applied magnetic field is required
for the purpose of clearing the physical mechanism of development of
this phenomenon, the intensity of saturated thermo-remanent magnetiza-
tion in a magnetic field H of various intensities wag measured, where H
varies from 0-3 to 40 Oe. In the actual experiment, the rock specimen
in a vacuum furnace, non-magnetic and non-inductive, set co-axially
with a large circular solenoid, was slowly cooled, the Specimen after
cooling from 700°C to 0°C in H having the corresponding saturated
thermo-remanent magnetization Jto,H.

Table V. Saturated thermo-remanent magnetism.

(a) Specimen S-N-59 (b) Sﬁecimen S-N-60
(Miyake-sima Akabakkyd-lava) (Miyake-sima Yoridai-no-sawa lava)
H ‘ J1g,11(0) l e, 1(0)/H H Je.,1(0) | Jee,n(0)/H
oe. : oe. )
1-51 2:67 X10=2 1-84x10~! 0-28 1-36 X102 4-91x10-2
302 444 7 147 7 046 292 462 7
6:04 | 804 BT - 3402 933 309 /7
106 119 7 o113 6-04 13:35 7 221 v
166 | 161 Lo097 9-06 162 7 178 7
272 I 219 71 081 7 163 207 12
423 | s 7| 06 7 w2 | 252 ¥ 0-93 7
423 301 7 071

As shown in Fig. 8, the intensity of Jt.,H of two rock specimens®
were plotted against the magnitude of H, where the values of Jt.,HIH
are also plotted. As will be seen from this figure, although Jte,H
increases as H increases, the former is not proportional to the latter,
Ji.,H/H decreasing with increase of H.

Since the remanent magnetization J¢,,;r ought to approach a certain
constant value in the case that H is sufficiently large, it follows that.

lim Jt,, 5=, (12)

In the present experiment, however, the largest value of H applied
seems to be considerably smaller than that obtained by saturation magne-

8} These rock specimens are the lava ejected from Volcano Miyake-sima in 1940.
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tization J,. On the other hand, from the result obtained in the former
study, it is required that :

Juom = HIt,, provided H<1. @)

The general formula, then, expressing the relation between Ji H
and H throughout the whole range from 0 to infinity, may not be
simple, since it must not only fit all values obtained in the present
measurements, but must also satlsfy the cond1t10ns of eqs. (12) and
(3. :
In a certain range of H, say 0~10 Oe, however, the followmg
formula will probably be preferred, namely,”

(1+k)H ™
1+kH °

It should be noted here that determination of the pure effect of
thermo-remanent magnetization is almost impossible in a strong magne-
tic field, because ordmary remanent magnetlsm, whlch does not depend
on heat treatment, appears in this case.

At any rate, it may be concluded that the effect of the appearance
of thermo-remanent magnetization is greater according as the external
magnetic field is small. -

Jto, H=Tt, (13)

5. Conclusion.

From the present study, the development of thermo-remanent magne-
tism in igneous'rocks can be 1nlerpreted as their irreversible magnetiza-
tion at a temperature 1mmed1ately below their Curie-point temperature.
On the other hand, from the mode of change in susceptibility with
temperature, it may be presumed that the ferro-magnetic minerals in
the rock consxst of a large number of microcrystals of various chemical
compositions. For example, in a rock specimen havmg the standard‘
mode of /(t), the chemical comp051t10n of every micro- -crystal of the
ferro-magnetlc minerals may be almost the: ‘same as that of magnetite,
although it may differ shghtly the one from the other. In other words,,

9) Jy, is defined as Je,1(0) correspondmg to H=1.

10) It was proved experimentally that, in the range of H where eq. (13) ho]ds, )
there also holds approximately the law of development of thermo-remanent magnet-
ism that

o

k J;,.,n(t)=F(H),S P(t)dt,
- t

. H
. wh S : FH)=QQ+k) .
w' ere ' L (H)y=@1+ )'lf*‘kH
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by letting s and f(s) respectively denote a measure of chemical composi-
tion and the quantity of the microcrystal that has s, then the total
amount of ferro-magnetic minerals S in unit volume of rock is given by

S=gﬂf(s)ds, (14)

L2

where s, and s, are the limiting values of possible distribution of s;
the apparent mode of change in susceptibility with temperature, then,
being given by

x(t)=S f(8)x(st)ds, (15)

S1

where y(s,t) denotes the susceptibility of an elemental micro-crystal,

being a function of s as of ¢. Here, the mode of y(s,t) appears to be

almost the same as that of the usual ferro-magnetic substance, its

Curie-point being uniquely determined as a function of s.

Since, further, the distribution function f(s) would have nearly a
parabolic form, as shown schematically
in Fig. 9, the mode of y(t) given by eq.

1® (15) exactly agrees with that of the
actual igneous rock obtained in our ex-
periments, where the mean Curie-point

f, expressed by —[%x(t) ] _=maximum,
L]

At =
_ is naturally derived from eq. (15), while
Fig. o. the apparent Curie-point is interpreted
as the highest in group 6(s).

If the mechanism is really as that just mentioned, a possible ex-
planation of the development of thermo-remanent magnetization during
cooling in a magnetic field may be as follows.

In the process of cooling in a magnetic field, a part of the elemental
domain in every micro-crystal contained in a rock takes, irreversibly,
the direction of easiest magnetization nearest that of the applied magnetic
field at a temperature just below the Curie-point peculier to it, where
the number and dimensions of these domains may be a function of
the chemical composition s, the dimension d of the micro-crystal, and -
H, the former two being probably connected with this phenomenon
through the effect of internal stress in the micro-crystal due to s and d.

Then, ¢(H,d,s) and I(t,s) denote the total volume of the elemental
domains satisfying the condition just-mentioned of the micro-crystal

S S, S
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and the intensity of saturation magnetization of the domains respectively,
the magnetization of such a micro-crystal of unit volume being given by
I(t,s)$(H,d,s), where the saturation magnetization I(t,s) increases with
decrease of temperature, being zero when the temperature is exactly
0(s).

The remanent magnetization M(t) of the whole rock specimen at
temperature £, then, is given by.

M(t) =S 1(t,9)$(H,d,s)F(s)ds . (16)

In eq. (16), since 0=0(s), we may put
I(ts) =J (£,0), $(H.d,s)=F(H) - ¢(d,0)

0 ) ¥ R
and e =90 -3, a7

with the result thatA
Ca
M(t)=F(H) S J(t,0)¢(d,0)g(0)do, (18)

€1

where
0,=0(s,), and 0,=0(s;).

Seeing that the saturated thermo-remanent magnetization measured
in the present experiment was defined as the residual magnetization
after cooling a rock specimen from ¢, to 0°C in a magnetic field of H,
we get

M(G)=F(H) - K J(0,0)¢(d,0)9(0)do

tC
=F(H) S J(0,0)¢(d,0)g(0)di=Jt,,H, (19)
0
since 0<0,<0,<t., and g(0) =0 when 0<0,, or 0>0,.
The thermo-remanent magnetism which developed during cooling
from ¢ to ¢’ in a magnetic field H is given also by

t .
Jt,H(t)=F(H) S J(0,0)¢(d,0)g(0)do, (20)
tl
where t=0=0(s), and {'=0"=0(s').

Then comparing egs. (19) and (20) with egs. (3) and (1) respect-
ively, we get
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P(0)=J(0,0)¢(d,0)g(0). (21)

That is to say, P(0)df is given by the product of three quantities,
their physical meaning being respectively, (1) the volume of those
micro-crystals that have Curie-points at temperatures from 6 to 0+ do,
(2) the volume percentage of those domains in the micro-crystal that
take the direction of the applied magnetic field at temperature just
below their respective Curie-point, and (3) the intensity of saturated
magnetization of these domains at 0°C.

Needless to say, it is possible that the foregoing discussion merely
offers a possible physical mechenism for the development of thermo-
remanent magnetism, harmonizing with the various facts observed in
the present experiment. In the writer’s preliminary work'” on thermo-
remanent magnetism, however, the values corresponding to M(f) at
various temperatures from 0°C to t, were obtained, from which we
get M (%) ~M(0) as the first approximation, with the result that J (t,0)
>~J(0,0). This fact seems to contradict the result expected from the
above-mentioned theory, that is J(¢,0) <<J(0,0), provided ¢=0.

For the purpose of ascertain-
ing more clearly the relation bet-
ween M(t) and M(0), we mea-
. sured the intensity of magnetiza-
tion of rock specimen at various
temperatures during cooling from
"\" ¢ to zero in non-magnetic space,

Mx10’

60 1

............................ $000000000000044,
.

where the rock specimen had
been magnetized, with cooling in

0 200 400 600t magnetic field of H from ¢t to ¢.
Fig. 10. An actual example of the result
M(t): intensity of magnetization during of measurement is shown in Fig.

cooling in non-magnetic space,

where the specimen was magnet-
ized by cooling from 550°C to
500°C (the range between the two
arrows) in a magnetic field.
susceptibility on an arbitrary
scale (H=2:09 Oe)

characteristic function of thermo-
remanent macnetism on an arbi-
trary scale (H =0 96 Oe)

2

P t);

10, where the test-specimen was
a piece from Yoridai-no-sawa
lava in Miyake-sima (S-N-60),
the P(t) curve of which is re-
markably sharp as shown by the
dotted line in the same figure.
The intensity of magnetiza-

tion of the rock specimen, which was cooled from 550°C to 500°C in a
magnetic field of 15 Oe, was measured by means of an astatic magneto-

11) T. NAGATA, Bull. Earthq. Res. Inst., 19 (1941), 66.
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meter at various temperatures during cooling from 500°C to 0°C in
non-magnetic space.

As will be clearly seen in Fig. 10, the 1ntensxty of 'magnetization
changes very little with decrease in temperature, with the result that
M(t)~M(0), in spite of the fact that the susceptibility y(f) of the
same specimén changes remarkably with decrease in temperature as
shown by the full line in the same figure. We may, then, conclude that,
so long as we assume that the saturation' magnetization so changes with
temperature as that in usual ferro-magnetic single crystals, the simple
theory that the development of thermo-remanent magnetism is due to the
irreversible rotation of elemental domains in the ferro-magnetic minerals
in rock at temperature just below their peculiar Curie-point can scarcely
be adopted. Although the physical mechanism of development of thermo-
remanent magnetism in rocks has not yet been cleared, we may expect
that it is probably due to the change in the crystal lattice itself in the
ferro-magnetic minerals, or otherwise, owing to a certain physical condi-

tion. The saturation magnetization J(¢,0) in eq. (18) changes very
" little in the wide range of temperature from 0°C to 500°C (though the
latter phenomenon seems to be hardly possible).

This problem is now being examined with careful attention and by
the most accurate method possible. Upon ascertainig the physical condi-
tions that determine the occurrence of P (%) in rocks, it should be possible,
according to its result, to estimate fairly quantitatively the development
of thermo-remanent magnetism in the subterranean rocks of the earth’s
crust, and thus make clear the effect of the rock’s magnetization on
regional and local geomagnetic anomaly, as well as that of changes in
magnetization on secular variation of the earth’s magnetic field.

In conclusion, the writer wishes to express his sincere thanks to
Prof. H. Tsuya, who kindly allowed the writer the use of his samples
and petrographic data obtained by him, as well as for his valuable
advices. The writer’s hearty thanks are due also to Prof. C. Tsuboi
and Prof. S. Kaya for their interest and encouragement throughout the
present study, and to the Department of Educatlon and the Hattori -
Ho6ké Kai for grant received.
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